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Abstract
The use of three gamma annihilation as a new PET molecular imaging modality 
which can predict tumour hypoxia was proposed by Kacperski and Spyrou in 2004. The 
positronium and its annihilation, could then serve as an oxygen-sensitive marker. The relative 
magnitude of three photon annihilation is increased in an oxygen deficient environment.
The main questions addressed in this thesis are the potential use of the lanthanum 
bromide LaBrg: Ce (5%) scintillator detector for three-photon positron annihilation 
measurements. Also, the optimum source-to-detector distance that achieves good efficiency 
and sensitivity of the measurements. The other question is finding the best method to prepare 
in vitro three types of hypoxic samples (mineral water, defibrinated horse blood and serum). 
In addition, the suitability of the hydrophilic material is examined in terms of hydration 
behaviour, radiation and physical properties, for use as a phantom that represents the hypoxic 
tumour in the three-photon positron annihilation measurements. The main critical question is 
which the best method that could be used to measure the three-photon positron annihilation 
yields. Also, how does the 3y/2y ratio vary with different oxygen concentrations in different 
hydrophilic materials?
Lanthanum bromide LaBrg: Ce (5%) scintillator detectors have good fast timing 
resolution, good stopping power and large light output. The LaBrgiCe (5%) has very good 
scintillator characteristics, combining high effective Z and density, fast decay time, light 
emission wavelengths matching that of commonly available photon detectors and excellent 
energy resolution (~3% at 662 keV). However, it is highly hygroscopic in nature, making it 
difficult to produce, but its commercial availability has been gradually increasing in recent
times. LaBrg: Ce (5%) has come to be accepted for the superior energy resolution it offers. 
Therefore, LaBrg: Ce (5%) detectors can be considered as the scintillators of choice for 
determining the yield of 2-and3-y positron annihilation. The characterisation of the detector 
used was carried out in terms of energy resolution and efficiency. The effect of amplifier 
parameters on the energy resolution was also studied. The geometrical solid angles subtended 
by the source-to-detector distances play an important role in the sensitivity and accuracy of 
the detector efficiency measurements. Therefore, the efficiency measurements were 
investigated at various distances to optimise the geometrical solid angle for the LaBrg: Ce 
(5%) detector for the three photon annihilation measurements. The experimental data were 
compared with the GATE simulated results obtained.
The objective to study the factors that affect dissolved oxygen (DO) in three types of 
samples (mineral water, defibrinated horse blood and serum) was to investigate the 3y/2y 
ratio in hypoxic, normoxic and hyperoxic conditions of tissues for future application in 
oncology in the detection and quantification of tumour hypoxia. This was achieved by 
measuring the DO, pH and temperature before, during and after treating the samples with 
nitrogen, carbon dioxide and ascorbic acid (AnaeroGen). Two methods for the preparation of 
the in vitro hypoxic samples were investigated and evaluated. Carbon dioxide proved to be 
most effective for the reduction of DO in the samples. Blood tended to resist DO reduction 
since it decreased at a much slower rate than in water and serum. Together with the fact that 
the oxygen level in blood remained low after the end of exposure to the gases and ascorbic 
acid suggests that the solubility of oxygen in blood depends upon the concentration of 
haemoglobin as well as upon ligands such as CO2 . CO2  combines with haemoglobin 
affecting oxygen binding and forms bicarbonate which further decreases the affinity of 
haemoglobin to oxygen
Hydrophilic materials which refer to a group of cross-linked polymers originally 
developed in the 60s to produce soft contact lenses are characterised by equilibrium water 
uptake in the range 15-95 %by wet weight when hydrated in water or normal saline solution 
at 25^C. This ability to absorb controlled amounts of water makes them suitable human tissue 
substitutes. Tissue substitute phantoms of known oxygen content are therefore required in 
order to measure the ratio of 3-to-2 annihilation photons. The hydration behaviour in 
defibrinated blood and serum of two types of hydrophilic materials, as potential candidates 
for the construction of phantoms for radiation measurements, was also studied. The results 
indicate that the hydration rate is generally higher in serum. The hydration rates for blood and 
serum were quite similar for sample A, which had an equilibrium water content of 38%; the 
diffusion coefficients were found to be 0.018 g/h in blood and 0.019 g/h in serum. For sample 
B, which had an equilibrium content of 75%, the hydration rate was different for blood and 
serum; the diffusion coefficients were found to be 0.055 g/h in blood and 0.061 g/h in serum. 
In addition, the linear attenuation coefficient and mass attenuation coefficient were calculated 
in order to study the transmission and scattering behaviour of the hydrophilic material.
The scatter-to-peak ratio was determined by selecting five scattering angles to study 
how the ratio varies with attenuating material. It may be possible that the combination of the 
scatter-to-peak ratio method for determining the depth of a positron-emitting radionuclide 
source in combination with measurement of the relative ratio of 3-to-2 photon annihilations 
may suggest a new technique which can locate hypoxic tumours without the necessity of 
further tomography just by using the information in the photon annihilation spectra recorded.
Finally, the relative 3/2 photon annihilation yield was obtained for the spectrum of the 
point source ^^Na positron emitter by using a LaBrg: Ce(5%) detector. The relative 3y/2y 
yields obtained for the peak-to-peak method in different hydrophilic (A, B, C, and D) 
materials was 0.9±0.5xl0'^ , 0.2±0.3xl0-2, 0.1±0.9xl0'^ and 0.7±0.8xl0’^ , respectively. The 
highest relative yield of 3y/2y photon annihilation was obtained in hydrophilic Ai and Di 
samples which have low percentage of water uptake 38% and 57% respectively. It was 
concluded that oxygen transmissibility, free water content and free-to-bound water ratio are 
increased when the water content of hydrophilic material is increased. In the other 
experiment, the highest relative 3y/2y yields was obtained by using 0.5 mm aluminium (as 
reference material) with hydrophilic samples A and B and founded to be G.1 2 2 ±G.Q1 1  and 
G.G65±G.GGG41, respectively.
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Chapter 1: Introduction
In this thesis, the main aspects of the relative yield 3y/2y photon annihilation experiment were 
investigated in terms of detector used, phantom, reference materials, 3y/2y photon annihilation 
measurement methods and the experimental set-up geometry, in order to study the potential use of 
three-photon annihilation, as a new modality to detect hypoxic tumours. In 2004, Kacperski and 
Spyrou[l] introduced the idea of exploiting the unique characteristics of 3y annihilation as a new 
PET imaging modality (3y PET), They proposed that by detecting the positions and energies of the 
three photons in a tissue equivalent medium, the point at which the annihilation occurred could 
easily be located; thus the amount of information obtained from a single event would be higher than 
for the 2y pairs, where the localisation is along a line[l]. Moreover, they suggested how the three- 
photon annihilation could provide additional valuable information on the state of oxygenation in 
tumours (hypoxia). Hypoxia is a common feature of most advanced solid tumours; it has been 
linked to acquired treatment resistance, malignant progression and the increased potential of 
metastasis. Additionally, tumour hypoxia is an area of great therapeutic concern, and thus has 
accordingly resulted in the conductance of large volumes of research in this field, with the 
underlying aims concerned with the accurate detection and measurement of the oxygenation levels 
within tissues.
Present PET detectors (BGO, LSO etc.) are not suitable for three photon positron annihilation
imaging. For example, BGO detectors are most widely used in conventional PET scanners and LSO
detectors are increasingly employed in new generation systems. However, their intrinsic energy
resolution is not sufficient to give spatial resolution that is adequate enough to obtain a useful
image, hence; they are not appropriate to be used for the three photon positron annihilation. In order
to introduce the three-photon technique to dedicated PET, the potential use of the LaBrg: Ce (5%)
scintillation detector (Saint-Gobain) for three-photon positron annihilation measurement was
studied. A high-deteetion efficiency of the detector at energies of interest is needed, as well as fast
timing response. Furthermore, high-energy resolution detectors are needed to improve the quality of
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the image and reduce the noise due to scattered events arising from Compton scattering which do 
not correspond to 3y events. In addition, all experiments were studied at different source -to - 
detector distances to optimise the best geometry for the effreieney and sensitivity of the 
measurements. The experimental results were compared with Monte Carlo simulation data.
3y annihilation is considerably higher in a hypoxic environment; the factors (pH, temperature, with 
a bubbled Nz and CO2  gas) that affect dissolved oxygen (DO) in mineral water, defibrinated horse 
blood and serum, as well as investigating and comparing the effectiveness of two methods for the 
preparation of hypoxic samples were studied. To reduce the level of dissolved oxygen, nitrogen gas, 
carbon dioxide gas and ascorbic acid (AnaeroGen) were used in the three samples. Measurements 
of DO, pH and temperature were recorded before, during and after treating the samples with the 
above chemical environments. Two methods were adopted for the preparation of the in vitro 
hypoxic samples, and these were investigated and evaluated accordingly. The first method consisted 
of the gases being bubbled through the samples, and the second involved the samples being slowly 
exposed to the chemicals. Of the two methods evaluated, the second method proved to deliver a 
more reliable set of results in comparison to the initial method; despite this being a slower process, 
it was more reliable, as it accounted for the slow diffusion rates of the gases in and out of the 
liquids.
Tissue substitute phantoms of known oxygen content are required for the construction of hypoxic/ 
normoxic/ hyperoxic phantoms, in order to measure the ratio of 3-to-2 annihilation photons. In this 
thesis, a new tissue equivalent phantom composed hydrophilic materials, which refer to a group of 
cross-linked polymers, were studied in terms of hydration behaviour, photon linear attenuation 
coefficient, and physical properties; thus allowing them to be used as phantom material for 3y/2y 
relative yield measurements. Hydrophilic material was originally developed in the 1960s to produce
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soft contact lenses and is characterised by an equilibrium water uptake in the range 15-95 % by wet 
weight, when hydrated in water or normal saline solution at 25®C [2]. This ability to absorb 
controlled amounts of water makes them an appropriate substitute for human tissue. The hydration 
behaviour in biological samples such as blood and serum, make them potential hydrophilic material 
candidates for the construction of radiation phantoms. In addition, the scatter-to-peak ratio method 
was applied for determining the depth of a positron-emitting radionuclide source in combination 
with measurement of the relative ratio of 3-to-2 photon annihilations by using the hydrophilic 
material as a sample.
The peak-to-peak method was used in this work to measure the 3y/2y relative yield photon positron 
annihilation. The peak-to-peak method was applied by measuring the full energy photopeak area of 
the 511 keV gamma-peaks from a calibrated bead ^^Na source; different types and composition of 
hydrophilic materials were used as samples and varying thicknesses and densities of aluminium 
were used as reference materials. The number of photons detected in the full energy photopeak area 
of the 1274 keV peak did not depend on the formation of positronium. The effect of the position of 
the detectors, relative to the point source in the spectrum on three-photon positron annihilation 
events was studied. This was done by placing the Labrg: Ce (5%) detector for several sandwiehes- 
to-deteetor combinations for distances at 5, 10, 15, and 20em.
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2.1 Tumour hypoxia
Tissue hypoxia is a pathological condition in which a region of the body is no longer supplied with 
adequate oxygen, owing to an insufficient blood supply. Any imbalance between oxygen supply 
and demand at a cellular level may result in a hypoxic condition [3, 4]. Hypoxia is a common 
feature of most advanced solid tumours; the primary factors leading to tumour hypoxia include: (a) 
the abnormal structure and malfunction of newly formed miero-vessels arising from 
neovascularisation within the tumour, (b) the relatively increased distances between blood 
supplying vessels and tumour cells, and (c) the diminished oxygen transport capacity of blood due 
to anaemia (either pre-existing or therapy induced anaemia). There are various types of tumour 
hypoxia, the first is perfusion related and is known as acute hypoxia; this can occur when the blood 
supply in the tumours is disrupted and deficient [3, 5]. The second type is diffusion related and is 
better known as chronic hypoxia, in this form the rate of diffusion between the blood vessels is 
increased and intensified, impacting a large number of cells [6 , 7]. This can cause severe to 
moderate problems for the growth and division of cells. Finally there is anaemic hypoxia which 
causes a reduced supply of oxygen within blood that can be due to various reasons. Anaemic 
hypoxia is one of the severest forms of hypoxia that can occur in the human body [8 ].
Hypoxia is an important variable which determines the growth of the tumour and its immunity to 
solid tumours. Hypoxic tumour cells can be invulnerable to the application of radiation, thus 
hypoxia has been extensively used in empirical and research studies for radiation therapy. The 
identification of hypoxic regions can assist in the generation of new interventions; providing a 
platform for the development of new methods to help counteract the effects of hypoxia [9, 10].
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2.2 Tumour hypoxia and treatment resistance
Growing cancers often acquire an increasing number of genetic alterations; these encompass 
chromosomal translocation, gene amplification, intragenic mutation, and gene silencing; these 
alterations are responsible for the activation of the oncogenes and the inactivation of tumour- 
suppressor genes. The exposure of cells to adverse conditions such as hypoxia can lead to genome 
alterations and may result in increased spontaneous damage to DNA or inhibit DNA repair 
processes; it may also impair DNA repair and cause tumour progression by altered p53 expression 
and increased angiogenesis, enhancing tumour cell resistance to oncological treatments [12]. The 
pH levels of a tumour can be modified which means that chemotherapy drugs are ineffective and 
inefficient. The efficacy of the treatments depends upon the phase of the disease; hypoxic cells do 
not proliferate due to the retardation and inhibition of their cellular growth [13, 14].
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2.3 Measurement of Hypoxia
Calculating tissue oxygen levels in tumours has been identified as a potential therapeutic strategy in 
combatting hypoxia, providing a catalyst for the development of advanced forms of chemotherapy 
and radiotherapy treatments for [9, 10]. Evaluating the oxygen levels inside tumours has been an 
on-going practice for researchers, however no accurate or reliable method has been devised, which 
can successfiilly accomplish the goals and objectives [15] The two main types of procedures that 
are used to measure the hypoxia at present include the invasive and non-invasive methods.
2.3.1 Invasive measurements 
Polarographic needle electrodes
Polarographie electrodes can be applied, in order to evaluate and monitor the oxygen partial 
pressure in hypoxic cells that have varying levels of tumours present. In this method, a sensor cell is 
used which consists of a cathode or sensing electrode, an anode or reference electrode, and an 
electrolyte (usually aqueous potassium chloride) (Fig 2). The cathode is separated from the blood 
sample by a permeable membrane that permits the diffusion of oxygen fi*om the blood sample into 
the measurement cell. A predetermined voltage, selected to make the sensor specific for oxygen, is 
applied between the two electrodes. When the sensor is exposed to the sample, the oxygen in the 
sample diffuses through the membrane to the sensing surface of the cathode where it is 
electrochemically reduced and produces a linear output current that is proportional to the partial- 
pressure changes of the oxygen in the sample [16, 17]. Although the microeleetrode probe provides 
a quantitative measurement it does not provide spatial information, which is a key factor in target 
delineation in radiotherapy.
The use of this method is accompanied with many disadvantages which include poor access to deep 
located primary tumour sites such as those in the oesophagus, larynx and lungs. Moreover, the 
stroma and fibrotie tissues do not allow apposite and accurate readings of oxygen partial pressure, 
when the electrodes pass through them. Other particles like melanin and degradation products may
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also interfere with the accurate performance of the readings. Furthermore, polarographic electrodes 
can lead to degradation of tissue and bleeding which can make the process of measurement 
unreliable and inaccurate [18]. One of the major disadvantages is, however, the inability of the 
polarographic electrodes to distinguish between viable hypoxic tumour tissues and from those 
undergoing [9] .
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Fluorescence probes
The use of fluorescence probes is another invasive method, which involves the use of 
nitromidazoles compounds combined with fluorescence microscopy or immune histochemical 
analysis. Nitromidazoles are a group of compounds that are selectively trapped in viable hypoxic 
cells amongst which pimonidazole EF5 is most widely used in practice. The pimonidazole EF5 is 
introduced into the body intravenously and after allowing sufficient time for the distribution, and 
binding processes, a biopsy specimen usually in the form of a very thin tissue slice is extracted from 
the tumour site. To determine the bound EF5 in tumour, an appropriate antibody tagged with a 
fluorescent or immune histochemical signal is used [2 0 , 2 1 ].
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2.3.2 Non-invasive measurement of tumour hypoxia 
Magnetic resonance imaging (MRI)
Magnetic resonance is a powerful, non-invasive and versatile tool that can be used for the 
identification and recognition of partial pressure of oxygen within tumour cells in which gradient 
recalled echo sequences are utilized in order to obtain reliable results. These sequences have a 
number of properties which make them useful in the detection of oxygen levels in tumour cells. A 
number of empirical and theoretical studies have found that MRI offers flexibility, reliability, and 
accuracy in detecting oxygen levels; providing consistent and accurate findings that can be used by 
health professionals accordingly [3, 18].
BOLD-MRI
Blood oxygenation level dependent (BOLD) MRI is another non-invasive functional imaging 
method, used for the indirect detection and quantification of tumour hypoxia. It is a novel technique 
used in radiotherapy that has been clinically validated. BOLD-MRI is dependent on blood flow as 
well as on the magnetic properties of oxyhaemoglobin and deoxyhaemoglobin within the red blood 
cells. Oxyhaemoglobin is diamagnetic while deoxyhaemoglobin is paramagnetic with respect to the 
surrounding tissue serving as an endogenous contrast agent. The MR transverse relaxation rate of 
water molecules in blood is increased with the presence of deoxyhaemoglobin, thus, BOLD-MRI is 
sensitive to p0 2  levels within the tissue [22, 23].
Magnetic resonance spectroscopy
MRS is a powerful type of MRI technology which can be used for analysis and examination of 
tumours. It has been found to offer superior and diverse advantages in order to arrive at appropriate 
conclusions. It can be used to detect the efficacy of drugs against cancerous cells and at present, 
plays a prominent and valuable role in the development of radical and innovative treatments 
because of its efficiency and effectiveness. Nonetheless MRS still requires the adaptation of a 
specific and complex data algorithms [3].
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Single photon emission computed tomography (SPECT)
SPECT uses the emission of photons from radiolabeled isotopes, 1-123 and Tc-99m as detection 
moieties combined with 2 -nitroimidazoles, which are injected into the patient in order to detect 
oxygen levels of tumours. (I-123)IAZA (I-iodoazomycin arabinoside) and (Tc-99m) HMPAO (Tc- 
hexamethyl-propyleneamine oxime) are the most commonly used radiopharmaceuticals in SPECT 
for the detection of hypoxia. SPECT has significantly poorer spatial resolution compared to PET, 
however, considering the fact that Tc-99m tracers are used in the most common nuclear medicine 
techniques [23, 24].
Positron emission tomography (PET)
18F-FMIS0
F-MISO, [^ F^] Fluromisonidazole-3-fluro-1 - (2-ntro-1 -imidazolyl) -2- propanol, is a prototype 
hypoxia imaging agent. The patient is injected with 250 MBq and an image, lasting between 20-30 
minutes is taken post injection. . FMISO is blood flow dependent, and accumulates in the tissue by 
binding to intracellular macromolecules of pO2<10mmHg. The changes that take place in the 
hypoxic state of lung tumours, during radiotherapy can be measured by [^ ^F] MISO PET. The 
correlation of ^^F-FMISO uptake with poor outcome to radiation and chemotherapy has been 
demonstrated in sarcoma and head and neck cancer studies [25, 26]. FMISO has been shown to 
produce homogeneous uptake in most normal tissue, and its tumour delivery is not limited by 
perfijsion; and also due to its partition coefficient (<1 ), it is readily able to diffuse into the cells. 
Although FMISO shows a direct effect with respect to tumour oxygenation, it nevertheless has two 
major limitations; these include the low contrast ratio between hypoxic tumours and normal tissues. 
This is a result of the relatively low cellular uptake of FMISO [27, 28]. In addition, the complexity 
of its metabolic pattern slows the cellular washout of the tracer, which requires a delay of 
approximately 2  hours after injection to permit clearance from the normal tissues [29].
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Cu-ATSM
Cu-ATSM, which is copper (II) - diacetyl-bis (N^ -^ methyithiosemicarbazone), is an agent that is 
used to display the level of hypoxia within tumours, by using a PET scan; it is the new alternative to 
^^FMISO, due to the latter’s limitations. The positron-emitting isotopes of copper are: ^°Cu 
(ti/2=0.40h), ^^Cu (ti/2=3.32h), ^^Cu (ti/2=0.16h), and "^^ Cu(ti/2 = 1 2 .7 h) with Copper-64 being the 
most commonly used copper isotope because it allows being shipped over long distances [30]. 
However, there are also some limitations for using Cu-ATSM and thus possibly restricting its 
application for use in certain types of cancer [19] as it may not always accurately reflect the level of 
hypoxia present [23].
2.3.3 Three-photon annihilation imaging
Kacperski and Spyrou (2004) were the first to propose the use of 3-gamma annihilation as a new 
PET molecular imaging modality; where the positronium and its annihilation, could serve as an 
oxygen-sensitive marker [1]. The effective yield of 3-gamma annihilation is dependent on the rates 
of formation and quenching. The formation of positronium is not only sensitive to the physics 
parameters, but also behaves as an active chemical particle. Oxygen is known to be a strong 
positronium quencher where 2-photon annihilation replaces the 3-photon process. It is thus possible 
for hypoxic cells to be characterised by higher 3-photon rates than those cells which are well 
oxygenated [31]. In the next chapter the basic physics of positron and positronium is discussed.
Although the rate of 3y decays is small, the positioning information conveyed by a single event is 
much larger [1] than in the case 2y, so the total information gained from 3y may be significance . As 
shown in fig 3 below if the three-photon decay event- occurs at a point r=(x,y,z) , the three 
annihilation photons can have energies between 0 and 511 keV , fulfilling the laws of energy and 
momentum conservation [32].
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Figure 3 S ch em e o f 3 |/im a g in g  [1]
The optimal energy can be deposited in a symmetrical configuration and in each of the three 
detectors. If the three photons of energies Ei, E2 , E3 are detected in coincidence in the three 
detectors, then from the laws of conservation momentum and energy, respectively the following 
takes place [1 ]:
P  r=iX.  %-%2 , E3
C | r - r i |  C |r -r2 | C jr-rgl
P  £1 F-K i E2 Y-Y2 £3 K-K3 . 0 
C I r - r i f C  \ r - r 2 l  C Ir -r sT ^
P  H  £ z H ^ , E 2 i z £ 2.+£3 0
C |r-ri| C \ r - r 2 l  c  jr-rgl
£ ' ^ ^ + £ ’2  T Eg - 2 rngC^
The me represents the electron rest mass, with the known detector positions, ri, r], and rg, the 
measurement of energies Ei, E2 , and E3 enables the solution of the non-linear set of equation 1 to 
determine the point r; the position at which the annihilation takes place. Since the three photons are 
co-planar, the set of equation 1 can be transformed into a two dimensional one. Due to the finite 
energy resolution of the detectors, the location of the annihilation site is broadened into a region 
surrounding the non-point source. In contrast to the 2y decay, in three-photon decay we obtain
11
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complete information about the position of annihilation from a single event, rather than requiring a 
set of lines of response (LORs). This can be regarded as perfect electronic collimation [1,31]
12
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In the previous chapter, a number of ways through which tissue oxygenation status can be assessed 
were discussed. Studies have suggested that imaging may be a convenient way to non-invasively 
map hypoxia in cancer patients [23]. It has been stated that an ideal test for the detection of hypoxia, 
from an imaging scope, should have the following attributes: firstly, it should be sensitive to low 
levels of pOz (around ~0.1 mmHg) hence relevant to cancer therapy. Secondly, the test should be 
able to demonstrate tumour heterogeneity by distinguishing between the different levels of 
oxygenation; therefore it should have the ability to allow for the identification of the relevant state 
oxygenation thus accounting for normoxia, hypoxia, anoxia and necrosis. Thirdly, it should be 
capable of distinguishing between the acute and chronic forms of hypoxia; and it should have the 
ability to be applied to the site of any tumour. The testing method should also reflect the levels of 
pOz at a cellular level, rather than of a vasculature level. Lastly, it should be easy to perform and 
allow for repetition of measurements [33]. At present, the validity, growing availability and 
relatively simple use of PET scanners makes hypoxia imaging with PET techniques the primary 
focus of cancer research [34]. In this chapter, the physics of positron and positronium formation 
will discuss. Also, the basics principles of PET imaging and it use in oncology will explain.
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3.1 Positron emission tomography
3.1.1 Positron formation
The process of radioactive decay by positron emission involves the transformation of a proton in the 
nucleus into a neutron and an electron with a positive charge, which is known as a positron (p^). 
The latter, together with a neutrino are subsequently eliminated from the nucleus. This process is 
expressed as follows [35]:
P''' -> n  + e'*' + F + e n erg y  3
A positron represents the antiparticle of a common electron. The elimination from the nucleus and
the impact with atoms of neighbouring matter causes the positron to lose its kinetic energy, lodging
itself in body tissues close to its source location. Furthermore, the positron temporarily forms an
“atom”, dubbed positronium, together with an electron. The positron represents the “nucleus” of the
positronium, which has a lifespan of about 10”^^  seconds. . This is followed by the annihilation
reaction, which entails the combination of the positron with the negatively charged electron, with
their masses being transformed into energy. The particle has a mass-energy of 0.511 MeV, which is
expressed as two 0.511 MeV annihilation photons; these move away from the location of the
annihilation process in almost opposite directions [36].
To ensure the conservation of momentum for a fixed electron-positron pair, the “back-to-back” 
emission of annihilation photons occurs. This is due to the fact that, in reality, the two particles are 
in motion, and therefore the direction of emission of the annihilation photons may deviate slightly 
from the ideal.
decay commences when there is a transition energy of at least 1.022 MeV. This condition should 
be perceived in terms of the discrepancy in atomic mass between the parent and daughter atom, 
together with orbital electrons. The elimination of a positron from the nucleus during decay 
determines a decrease in the atomic number by one. Correspondingly, the daughter atom eliminates
14
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its additional electron in order to arrive at its ground state. Therefore, during decay, the atom 
releases two particles, requiring an overall transition energy of 1.022 MeV, as an electron or a 
positron has a rest-mass energy of 511 keV. However, this condition does not apply to p~ decay as 
the daughter atom makes up for the electron lost during p~ decay by acquiring an electron from the 
environment to reach a neutral state [35].
In p  ^ decay, the positron and the neutrino share the surplus transition energy above 1.022 MeV. 
There is a correspondence between the energy spectrum of the positron and that of P” particles. The
mean p  ^energy is symbolised as follows: Eg , which is Eg »  (^)E g^^, where E ^“  ^represents the
transition energy from which 1.022 MeV has been subtracted.
z ^ - ^ z - i y  4
The above is an additional isobaric decay mode, exhibiting element conversion [35].
3.1.2 Positron annihilation:
During their movement through human tissue, positrons lose kinetic energy mainly as a result of 
Coulomb interactions with electrons. Every such interaction can determine deviations in the 
direction of the positrons, given that their rest mass is identical to that of electrons. This makes the 
direction of movement of the positrons through the tissue highly intricate (Fig.4). The equation that 
connects energy E and momentum p of a free particle is displayed as [37]:
£-2 _  p2^2 ^4 5
Where mo represents the particle rest mass and c represents the speed of light.
Upon reaching thermal energies, positrons begin to interact with electrons in one of two ways, 
either by annihilation, generating two photons of 511 keV each; they are positioned anti-parallel in 
the structure of the positron, or by the development of a positronium, which is a hydrogen-like
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orbiting pair. The positronium exhibits two forms in its ground-state, namely, ortho-positronium 
and para-positronium. In the former case, the electron and positron spins are parallel, whereas in the 
latter case they are anti-parallel. The disintegration of the ortho-positronium and para-positronium 
occurs via self-annihilation, producing two anti-parallel photons of 511 keV each and three photons, 
respectively. The ‘pick-off process, in which the positron disintegrates in the presence of another 
electron, can occur in both positronium forms. More than 80% of decay processes are instigated by 
self-annihilation and the pick-off process [35].
Physics of positron annihilation
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Figure 4  Schem atic  diagram  o f p ositron  ann ihilation  [38].
3.1,3 Positron Range
The addition of an absorber, iiTespective of thickness, triggers the previously mentioned processes
to eliminate several electrons, leading to a decline in transmission. If plotted on a semi-logarithmic
scale, the transmission curve initially declines in a relatively straight line, eventually developing
into a long, almost flat tail. Rather than reflecting the actual P-particle transmission, the curve tail
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indicates the detection of penetrating bremsstrahlung photons produced by the p particles in the 
absorber as well as potentially in the source and source container. Furthermore, the curve tail may 
include extraneous instrument and radiation background as well.
The extrapolated range Re of the electrons represents the thickness of the absorber associated with 
the overlapping of the extrapolation of the linearly descending part and the curved tail. The 
maximum range Rm is slightly higher and represents the real maximum thickness of the absorber as 
it is penetrated by the highest energy p particles. Nevertheless, Rq is generally indicated as the 
maximum range of p particles as imposes difficulties in measurement and the discrepancy between 
them is minute [35].
There is a correspondence between the extrapolated range pertaining to a monoenergetic electron 
beam of energy E  and the extrapolated range of a p particle beam of maximum energy. The 
maximum energy of the electrons contained in the beam dictates the range in both cases. On the 
other hand, there are certain differences between the forms assumed by the transmission curves 
associated with monoenergetic electrons and P particles. In the case of absorbers of reduced 
thickness, there is a faster decline in the curve for p particles as low-energy electrons in the energy 
spectrum of P particles are rapidly ejected.
A reversed correspondence has been observed between extrapolated ranges and the density p of the 
absorber. In general, electron ranges are conveyed in g/cm^ of absorber, in order to regulate density 
effects. This reflects the weight of a part of 1 cm  ^detached jfrom the thickness of an absorbing 
material analogous to the range of electrons contained.
Moreover, there is a close similarity between extrapolated ranges of different elements conveyed in 
g/cm^. Although slight discrepancies in the rates of electron energy loss have been recorded for 
different elements, these discrepancies do not greatly affect the total ranges [35].
17
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3.3 The Positronium
The positronium atom (Ps) which reflects the bound state of an electron and a positron is formed in 
many solids, liquids and gases; where the positrons impinge on these solids, liquids and gases, they 
cause loss of energy and thus thermalisation. This composite exists in two states, namely Ortho- 
positronium (o-Ps) where the spins of the two particles are parallel (^Si) and para-positronium (p- 
Ps) where the spins anti-parallel (^ So). p-Ps annihilates (x = 0.125 ns) into three gammas in the 
vacuum; however, in the presence of matter o-Ps (x = 142 ns)can decay into two gammas through a 
process known as pick-off annihilation. The positron in o-Ps seeks out electrons with opposite spin 
in the surrounding medium and annihilates through the two-photon decay mode [39, 40].
For ground state positronium with L=0, annihilation of the singlet (li So) and triplet ( I 3 Si) spin 
states can only proceed by the emission of even and odd numbers of photons respectively. The ratio 
of the number of three-photon to two-photon events is 1/372 for free positron annihilations. The 
probability of having triple annihilation compared to double annihilation is 1:372 but with its 
formation, the positronium increases the possibility of triple gamma annihilation to take place [41].
After its production, the positronium comes close to the electrons of the material or its own 
electron, during collisions the probability of annihilation of the positron of positronium, increases; 
this shift in probability is known as quenching. In the absence of any significant quenching (e.g. via 
the conversion of Ortho-Ps to Para-Ps), most of the Ortho-Ps which are formed, will eventually 
annihilate in this state. Thus, the 3 gamma-ray annihilation mode will be more prolific for the 
positronium than it is for free positron annihilation. The effective yield of three-gamma annihilation 
in matter depends on the rate of positronium formation and the rate of quenching and pick-off 
processes that, in turn, depend on the fast time scale positronium chemistry in the terminal spur of 
the positron track [42].
18
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3.2.1 Positronium Quenching
The term quenching was initially applied to the conversion of Ortho-positronium to Para- 
positronium. As the latter, singlet, form has a lifetime so much shorter; this effectively results in the 
destruction or quenching of positronium. The term is applied more generally to any process 
whereby the two-photon annihilation replaces three. There are a number of possible quenching 
processes [43]:
Chemical quenching
If a positronium collides with an atom or molecule X then chemical quenching refers to the 
formation of chemical complexes which cause rapid annihilation of the positron such as
o — Pg +  X —> o — P5X T E N ER G Y  
o - P s  +  X Y  ^  o - P s X ( Y )  +  F (X ) +  E N E R G Y  
o -  Ps +  X(Y) o -  ?sX(Y) +  Y(X) +  ENERGY 6
Conversion Quenching
It is possible for the electron of the Ortho-Ps to be exchanged with an atomic electron with different
spin orientation and to be converted to Para-Ps accordingly:
a — Ps + X ( ^ l ) P a r a  —Ps + X( l )  1
The cross section for conversion quenching decreases as the positronium energy is increased [44].
Pick-off Quenching
When an Ortho-Ps collides with atoms or molecules which have filled outer electronic shells this
allows for the positron of the positronium to annihilate with the surrounding electrons via a
collision and then annihilation:
Ortho — P s  + X-^X- \ -e~- \ -2 g a m m a  ra y s  8
The pick-off annihilation cross section is smaller than the chemical and conversion quenching
mechanisms, but if the atom has a closed shell or sub-shell, then it becomes the dominant decay
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process for the positronium. The decay rate of Ortho-Ps is proportional to the rate of o-Ps collisions 
with the atoms-molecules of the material and thus with the electron density [45].
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3.3 Positron emission tomography
3.3.1 Basic principles of PET imaging
Positron emission tomography is a nuclear medicine imaging technique that works based on using 
the unique decay characteristics of proton rich isotopes that decay by positrons. In PET, the 
radionuclide is labelled with the compounds of biological interest, which result in the radionuclide 
atom for any particular molecule to emit a positron from its nucleus. This then annihilates with the 
atomic electron in the medium in which two high energy photons (SllkeV) are emitted. PET 
scanners consist of multiple scintillation detectors that surround the object to be imaged, converting 
the photons detected into electrical signals via subsequent electronics. A high number of events are 
normally detected, ranging between 1 0  ^ to 1 0  ^and after being corrected for a number of factors by 
use of algorithms, the events are reconstructed into a tomographic image. The result of the 
reeonstruction process consists of using a 3D image distribution of radiolabeled tracer that is 
detected over a period of time to provide tissue concentration of radiolabelled molecules as a 
function of time. This determines the rate of specific biological processes in the tissue [35].
The demands on PET as one of the functional imaging modalities has increased in recent years for 
diagnosis, staging, therapy monitoring and in the assessment for the recurrence of cancer. PET 
provides an extensive array of different radiopharmaceuticals or molecular probes allowing for the 
imaging of the various physiological aspects and tumour biology. The currently most widely used 
tracer in PET is the fluorinated analogue of glucose (FDG) which shows increased uptake of 
glucose in malignant cells but this tracer is not a specific probe for tumours. For example, when ^^ F- 
FDG is used to image newly diagnosed solitary lung nodules it has a sensitivity of 89%-100% and 
specificity range of 69%-96%, however as ^^F-FDG is also taken up by benign lesions which 
include inflammatory processes, it is therefore not tumour specific [46].
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FDG has the ability to become attach with the phosphor group in the tumour cells and thus 
accumulates within the cell; this occurs because phosphate cannot cross the cell membrane and is 
therefore slowly metabolized. As a result, FDG is non-specific for detecting malignant tumours 
because its intensity accumulation makes the tumour/background ratio correlate positively with the 
energy consumption of the tumour [47]. Consequently, a high energy consuming tumour is likely 
to be more aggressive, being detected with greater sensitivity. The average sensitivity of FDG in 
PET in oncologic evaluation is estimated at 84% and the specificity at 8 8 % over 14,264 PET 
examinations. Table 1 below shows examples of other isotopes that can be used for PET [48]:
Table 1 P roperties o f  com m on ly  u sed  p ositron  em ittin g  ra d io -iso to p es
Isotope Half-life Maximum positron energy Positron range in water Production
20.3 0.96 1.1 cyclotron
9.97 1.19 1.4 cyclotron
2.03 1.70 1.5 cyclotron
109.8 0.64 1.0 cyclotron
67.8 1.89 1.7 generator
1.26 3.15 1.7 generator
PET Camera
A  typical PET camera consists of a planar ring of small detectors that are set in time coincidence, 
with each of the detectors on the other side of the ring [49]. The ring arrangement is required in 
PET because when the two annihilation photons arrive at two opposing detectors in time 
coincidence, the positron emitters must be present along the line between the elements which 
detected the signal. The main goal of the detectors is to detect as many pairs of photons as possible 
while eliminating the random and scattered coincidences (see later). The detectors used are 
incorporated in lead or tungsten septa and are mounted between the detector rings. The septa 
provide shielding to the detectors from the photons that are scattered out of the transverse plane and 
restrict the use of electronic collimation, to within the plane; however nowadays, septa are removed
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to maximise utilisation of counting events [50]. When a pair of detectors detects 511 keV photons 
simultaneously, the positron annihilates somewhere on the line connecting the two detectors [49]. 
The sum of all lines that connect the detectors makes the principal set of projections to provide 
computed tomography for a single plane [49] .The most widely used detectors for photon detection 
in a PET camera are scintillator detectors that consist of crystalline scintillator material coupled 
with photomultiplier tubes which are connected to electronics [51].
Collecting data in PET
The photons leave the annihilation point in opposite directions, a simultaneous pulse from the 
detector indicates that the annihilation occurred somewhere along the path between the two 
detectors. Each pair of detectors in the ring defines a possible emission path in which the PET 
system is counting how many times each pair of the detectors is hit in coincidence.
There is only one way to represent the raw data, which is by grouping the parallel LORs together. 
The set of the LORs represents a projection view of the radioactivity distribution in the body, which 
is almost the same as what would be obtained from a collimated gamma camera situated either at 
the top or the bottom of the region of interest. Therefore, the grouping of this projection with the 
other angles of the other projections produces a sinogram; this is a matrix that can be displayed as 
an image [44].
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3.3.2 Annihilation coincidence detection
The basic principle of PET relies on the detection of two photons, each with energy of 511 keV, in 
coincidence with each other; these photons are produced when a positron annihilates with an 
electron. Coincidence detection takes advantage of the fact that the two annihilation photons are 
emitted in opposite directions and emerge simultaneously from the same event.
If two photons are detected by two opposing detectors simultaneously (i.e. within a narrow time 
interval), their originating position annihilation event is placed along a line connecting the two 
detectors which is referred to as a line of response (LOR). It can be regarded as an electronic 
collimation technique unlike other nuclear imaging techniques where physical collimation is used to 
provide positional information. To reconstruct a complete cross-sectional image of the object, data 
from a large number of these LORs is collected from different angles that cover the field of view of 
the system.
During the PET scan, the two annihilation photons can be emitted from anywhere within the 
scanner’s field of view. In most cases, the distance travelled by each of the photons, from the point 
of annihilation to the detectors will be different. If x is the width of a pulse in one detector and the 
seeond pulse arrives within a predefined time of width 2 x, a coincidence will be registered by the 
detector system (i.e. the coincidence timing window) [52].
Type o f coincidence event
A  eoincidence time window is set such that the events occurring in the two opposing detectors are 
regarded as constituting a coincidence event. This can be either a true event or a random event, 
depending on whether the photons came from the same or different annihilations. These collectively 
are known as prompt events (events are commonly termed ‘prompts’, ‘trues’ and ‘random’ ). A 
distinction can be made between trues and random by counting the number of events occurring 
when the time window for one detector is delayed (by about 100ns) relative to the other [53].
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Figure 5 Types o f co in cid en ces in PET [54]
True coincidence event
Under ideal circumstances, the annihilation photons, originate from the same radioactive decay and 
reach the detectors on opposing sides without interacting with surrounding atoms (i.e. they are not 
scattered or absorbed) and will accordingly, reach the detectors within the coincidence timing 
window ( figure 5).
Scattered event
This is an event in which at least one of the detected photons has undergone at least one Compton 
scattering event prior to detection. Since the direction of the photon is changed during the Compton 
scattering process; it is highly likely that the resulting coincidence event will be assigned to the 
wrong LOR. Scattered coincidences add a background to the true coincidence distribution which 
changes slowly with position, decreasing contrast and causing the isotope concentrations to be 
overestimated. They also add statistical noise to the signal. The number of scattered events detected 
depends on the volume and attenuation characteristics of the object being imaged, and on the 
geometry of the camera [52].
25
Chapter 3: Positron and positronium formation
Random coincidence event
A  random coincidence event occurs when two separate, independent annihilation photons strike 
opposing detectors within the coincidence timing window. For this event the system will produce a 
false coincidence event due to the random nature, is known as a random or accidental event [52] 
.The result of this situation is that the LOR is spatially uncorrelated with respect to the activity 
distribution within the object. If the number of photon events N1 and N2 are detected in a pair of 
detectors in coincidence within the coincidence timing window ‘2 x’, then the rate of random 
coincidences Nr is given by
N R  = 2 t . N ^ . N 2  9
T represents the width of logic pulses produced when a photon is absorbed in the detector. The rate
of random coincidences is proportional to the square of the activity in the field of view because the
count rates N1 and N2 are directly proportional to the activity in the field of view of the scanner
[55], in addition the random rate is proportional to the width of the coincidence timing window.
Multiple coincidences are also possible to be involved in conventional PET and these occur when
the three photons, from different annihilation events are detected within the coincidence timing
window. Due to the ambiguity in assigning a LOR, multiple coincidences are simply discarded fi*om
the prompt events [52].
3.3.4 Time-of-FIight PET
Theoretically, by identifying the moment when the annihilation photons are captured by the two 
ACD detectors, the source of origin of the annihilation photons along a line between the two 
detectors can be determined. The method is known as time-of-fiight PET and facilitates the 
development of tomographic imaging without the need for mathematical reconstruction algorithms. 
Considering At to be the discrepancy in photon detection times, then the position of the annihilation 
event between the two detectors can be determined with the following equation:
Ad = ^  1 0
V
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Where c represents the velocity of light, which is 3 x 10^  ^ cm/s. Based on the above equation, a 
timing resolution of about 6 6  picoseconds is necessary to reach a 1 cm depth resolution [35]. 
Despite the fact that this timing discrepancy can be measured with electronic circuits, the rise times 
of light output from scintillators presently used for PET imagining are not fast enough to support 
the required timing resolution. Inconsistencies in event timing are further amplified by the “time 
jitter” occurring during rise time due to the limited number of photoelectrons produced upon 
detection of an annihilation photon. Detectors with a reduced light output significantly enhance this 
phenomenon.
A timing precision of a few hundred picoseconds can be accomplished with the help of the most 
rapid scintillators and an efficient arrangement of electronic elements and connections. Even if this 
permits a position detection only to a couple of centimetres, the images formed on the basis of data 
derived from this level of timing resolution exhibit a more pronounced signal-to-noise ratio, unlike 
images created without time-of-flight data. The reason for this is the fact that it is possible to 
circumscribe separate processes to a reduced volume during image creation. The most rapid and 
efficient scintillators, like LSO and LaBrg, can be employed to generate accurate time-of-flight data. 
Such scintillators have been included in a number of systems designed for commercial use, which 
encompass a certain level of time-of-flight data. Scintillators such as BaFi possess even quicker 
decay elements but are only rarely used due to the fact that their reduced density counteracts the 
signal-to-noise enhancements which can be extracted from time-of-flight data and, as such, they are 
not very efficient in determining annihilation photons of 511 keV [35].
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3.3.5 3y PET and Oncology
PET imaging is largely applied in oncology; it specifically contributes in the diagnosis, tumour 
staging and in the detection of tumour hypoxia. An additional measurement of the 3y yield in 
oncology scans could provide important information on the oxygenation status of cancerous tissues. 
Particularly, taking into account the annihilation processes described above along with the fact that 
the positronium is sensitive to the physical and chemical parameters of the surrounding medium, it 
becomes clear that the positronium and its annihilation could provide valuable information on the 
chemical environment within the tissue. Acting as a chemical particle itself, positronium could be 
used as an oxygen-sensitive marker for the detection of tumour hypoxia [56, 57].
This new imaging modality would not require any mechanical modifications of conventional PET 
scanners, but rather computational programs to be developed and run simultaneously with the 
conventional PET reconstruction programs Thus, in an ordinary PET examination, apart fi-om the 
information obtained regarding tumour metabolism, a map of tumour oxygenation would also be 
acquired by the additional detection of 3y annihilation that already exists.
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Chapter 4: Radiation Detection System
In this chapter, a review of the theoretical background of the types of PET detectors that are used in 
radiation detection system and PET scanners shall be addressed. In addition, the parameters 
required for detector performance will be explained accordingly and the characterisation of the 
LaBrg: Ce (5%) scintillator detector in terms of efficiency and resolution will also be investigated.
4.1 Scintillator detector:
The scintillator crystal was one of the first materials to be employed in the detection of gamma rays 
[58]. Current scintillator detectors are geared towards transforming the maximum light output, into 
voltage pulses, which are subsequently processed similar to pulses emitted by proportional counters 
and semiconductor detectors. The two main types of scintillators are inorganic crystals and organic 
scintillators, each type incorporating a different scintillation mechanism.
4.1.1 Inorganic crystal:
The crystal lattice structure determines the scintillation mechanism and the electrons can only take 
over specific energy bands in a pure inorganic crystal lattice, such as sodium iodide (Nal). The 
electrons cannot gain access to energy band gaps in the pure crystal form; however, they can be 
transferred from the valence band to the conduction band through energy absorption in the pure 
crystal, a process that creates an aperture in the valence band. The reverse process of replacing an 
electron in the valence band through the release of a photon is ineffective. Decay usually releases 
only a limited number of photons, the greatest amount of energy being generated via other 
processes. Furthermore, the released photon in general is normally too high to exist within the 
visible range; this is due to the extent of the band gaps in pure crystals.
As such, the crystal is added to a limited quantity of impurities, which are known as activators, for
instance, a trace amount of Tiis added to Nal. These activators generate alterations in the band gap
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Structure and energy structure at specially formed locations in the lattice. Only the energy structure 
of the activator locations is modified, not the energy structure of the crystal [37].
Conduction B sn j
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ti'-ation ^ noton
Valence Band
Figure 6 Energy band structure o f  an inorganic scintilla tor [59].
4.1.2 Organic Scintillators:
There are differences present in the scintillation mechanisms, between the organie and inorganic 
crystals. The crystal lattice structure is the catalyst of scintillation in the case of inorganic 
scintillators such as sodium iodide (Nal) or caesium iodide (Csl). In organic materials however, the 
transmutations in the energy levels of one molecule are the trigger for the activation of the 
fluorescence mechanism, making it possible to observe the process separate from the physical 
condition. The elements prone to fluorescence include polycrystalline material, vapour and parts of 
a mixed solution. Practical organic scintillators are defined as organic molecules whose symmetry 
features pertain to the configuration of the electron [37].
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4.1.3 Photomultiplier tube:
The majority of PET detectors are available with photomultiplier tubes that convert the scintillation 
light, after interaction of gamma photons with the crystals, to electrical current [60].
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Figure 7 Show ing th e  m ain c o m p o n e n ts  o f  a p h otom u ltip lier  tu b e  [61].
When the light photons from the scintillator hit the entrance window of the PMT they excite the 
photoeathode, from which the electrons are liberated from the photocathode material, as a result of 
the energy from the photons being deposited. The probability of photons to liberate one electron is 
roughly about 15% to 25% and is called the quantum efficiency of the PMT. Due to the high 
potential difference, these results in the electrons being accelerated and directed to strike a positive 
charged electrode called dynode. The electrons are accelerated through multiple dynodes creating 
more photoelectrons. This process takes a few nanoseconds and results in 10 stages of amplification 
in which each initial electron has created in the order of 1 0  ^ electrons producing easily detectable 
currents in the milliamp range.
Although PMTs are bulky and expensive, they have high gain (amplification) which leads to high 
signal-to-noise pulses and they have good stability and ruggedness producing a fast response.
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4.2 PET detectors type and module trend:
The considered choice of PET detector is the dense, inorganic solid scintillator. The dense material 
is considered to stop large fractions of the incident SllkeV photons; its brightness, which is the 
number of light photons produced per SllkeV interaction, is an important aspect in the PET 
detectors as the integrated light signals are used as a direct measure of energy deposited in the 
scintillator [SI]. The time over which the light is produced in the detectors is also important to 
obtain accurate assessment of exactly when a photon interacts with the detectors and it is 
determined by the decay time of the scintillator and its brightness. A bright and fast scintillator 
provides signal with less timing variation than a slow one. Important consideration for a PET 
detector is the energy resolution where the detector must be able to indicate the energy of 
annihilation photons such that those which undergo Compton scattering can be rejected. The 
wavelength of the emitted light from the scintillator must match the light response of the 
photoeathode of photomultiplier tubes in which it should have maximum scintillation intensity in 
the wavelength range 38- 440 nm [60]. The common module of a PET detector is known as a block 
detector, as shown below:
S E G M E N T E D  B L O C K  O F  B G O  
O R  L S O  S C I N T I L L A T O R
R E F L E C T O R  M A T E R I A L
F O U R  S I N G L E  C H A N N E L  
P H O T O M U L T I P L I E R  T U B E S
■►X
Figure 8 Typical PET block d etec to r  [61].
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The block detector consists of scintillator crystal that is partially sawn through to make quasi­
independent crystals that are optically coupled with four photomultiplier tubes [49]. When the 
annihilation photons interact in the crystals, they produce the scintillation photons that are emitted 
isotropically; with the saw cuts limiting their lateral dispersion as they travel towards the PMTs. 
The position of the interacted photons is then determined by the analog ratio of the four PMTs 
output signals and the timing signals are generated by the sum of these four signals [49]. The most 
common scintillator that is used in PET scanner is bismuth germanate (BGO) which is a relatively 
hard, rugged, non-hygroscopic crystal, pure inorganic scintillator which requires no activator [60]. 
BGO has high atomic number Z=83 and high density (7.1g/cm3) which provides a high attenuation 
coefficient for SllkeV gamma ray. Due to the transparency of the BGO crystal to its emission, a 
small amount of BGO is required to absorb rays allowing thin detector shielding, enabling an array 
of detectors to be reconstructed in a closely packed fashion [60] .
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4.3 L anthanum  B rom ide d e tec to rs
In the case of lanthanum bromide (LaBrs), the scintillation process encompasses two different 
mechanisms. The first mechanism arises instantaneously as a result of cerium capturing empty holes 
and electrons, hence determining a scintillation process that does not depend on temperature. The 
second mechanism is a thermally-induced process entailing capture of holes and electrons through 
Self-Trapped Exaction (STE), succeeded by a transfer of energy to cerium. The cerium 
concentration has a significant influence on the second mechanism, which becomes significant 
when the temperature of the crystal is increased to more than -173.15°C [62].
LaBrs :Ce(5%) have outstanding scintillator characteristics, including high effective Z and density, 
fast decay times, emission wavelengths that are well matched to the common photocathode, and 
excellent energy resolution (~3% at 662 keV); it has also become commercially available. 
LaBrs:Ce(5%) is already in use for a range of applications, primarily because of its superior energy 
resolution comparison to the alternatives. Also, the light yields of Ce^  ^materials are lower than 20 
000 photons/MeV and the decay times are slower than 80 ns [63].
As the scintillation yield and decay time of a crystal are crucial to a material’s features, many 
studies investigated the effect of Ce^  ^ concentrations focusing on these two key properties. In 
general, samples with higher Ce^  ^concentrations demonstrated a faster rise in the decay times and 
subsequently yielding superior time resolutions. Shah et al have shown that the light output does not 
change significantly with changing Ce^  ^ concentrations. Many researchers have studied LaBrs: Ce 
(5%) crystals and they have shown that the energy resolution of the 622 keV full energy photo peak 
estimated from a Gaussian fit, was found to be between 2.6 % to 2.8% FWHM at room temperature. 
Such high energy resolution has never been achieved with any of the established inorganic 
scintillators (even in small sizes) at room temperature. Furthermore, it is important to note that the 
energy resolution of LaBrs : (5%) Ce at 662 keV gamma ray energy, is similar to that of room 
temperature semiconductor detectors, such as CdTe and CdZnTe [64]. This is an extremely good
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result, that both have a high light output at a wavelength suited for the photocathode (63000 light 
photons/ MeV) and they also have a very small non-proportionality with the photon energy of the 
scintillator (less than 5%) [58].
Moreover, the detector background counting rate in LaBrs:Ce(5%) crystal is affected by the internal 
radioactivity from La (0.09 % naturally abundant) and Ac (actinium is a chemical analogue to 
lanthanum) results in an intrinsic background of about 1-2 count cm'  ^ s \  The decay scheme for 
^^ L^a is located in figure 9, which shows two decay mechanisms. The most energetic decay is via 
electron capture (EC), followed by a 1435.8 keV gamma ray and the subsequent emission of a 
31.8-37.5 keV barium X-ray .The second emission is via beta decay (255 keV end point energy) 
and a 788.744.
EC
66.4%
33.6%
1436 kcV 789 kcV
stable stable
Figure 9 La d ecay  sc h e m e  [55]
Figure 10 shows the measured background spectrum by self-counting shows the measured 
background spectrum by self-counting [6 6 ]. As shown in Figure 10, the self-counting spectrum of 
the background, starts from the left of the spectrum, the first is a beta continuum at low energies for 
^^ L^a decays to ^^ ^Ce in which the 789 keV gamma has escaped the detector altogether. This beta- 
only spectrum continues to its end point of 255 keV. From about 255 to 750 keV the spectrum
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displays the Compton continua from the 789 and 1436 kev gamma rays. The 789 kev line at higher 
energies, but since it is in coincidence with the beta, it is smeared to high energy in a gamma plus 
beta continuum ending a little a hove 1 MeV. Finally, the 1436 keV gamma, is displaced to a higher 
energy by approximately 32 keV to 1436 keV, this is due to the coincident capture of the x-rays, as 
a result of when the Ba K level fills following k-electron capture [67] .
3000 1 La (1 4 3 6 ^ 3 2 )  intrinsic
■o
2000  - La (*’89) in trinsic
CL
X
LU
1000  -
2.13 3.131.13
Gamma Ray Energy (MeV)
Figure 10 The se lf-cou n tin g  background spectrum  o f  a LaBr3:Ce(5%) [65].
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4.4 Detector characterisation
4.4.1 Energy resolution
The energy resolution is the response function of the detector; a reflection of the large amount of 
fluctuations that occur due to the presence of operating characteristics, such as random noise and 
instrumentation, which record variations from one pulse to another.; although the same amount of 
energy is deposited into the detector for each event. Energy resolution determines the ability of the 
system to discriminate between valid and unscattered photons and also those that have lost their 
spatial information through scattering within the body or the detector. In PET this is determined by 
the light output characteristics of the scintillator. It is typically explained in terms of the full width 
at half maximum (FWHM) of the energy peak which is defined as:
R = 1 1
The FWHM is expressed as the number of channels and Ho is the channel number at the centre of
the peak. The peak shape is specified in terms of (FWTM/FWHM) and an (FWFM/FWHM) ratio,
where FWTM is the full width at tenth maximum and FWFM is the frill width at fiftieth maximum.
For a pure Gaussian peak, these ratios are equal to 1.82 and 2.38 respectively [37].
The smaller the number of the energy resolution, the better the detector will be able to distinguish
between the two radiations, whose energies lie near each other. The full energy peak for any type of
detector can be approximated to a Gaussian curve and there are a number of potential sources of
fluctuation in the response of a given detector that result in imperfect energy resolution (e.g.
statistical noise, sources of random noise etc.). An estimate of the amount of fluctuations that take
place can be made, by assuming that the formation for each charge carrier is a Poisson process.
Thus the FWHM is equal 2.35a which is the statistical property of the Gaussian distribution, which
gives the ratio between FWHM and the variance of a Gaussian distribution; where a is the standard
1
deviation of the Gaussian function. The resolution is related to the peak gamma-ray by R oc Ey^ 
[37].
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The natural energy broadening of gamma rays is practically negligible, except in the case of the 
Doppler broadening observed in annihilation radiation. In emitter, both positron and electron are 
likely to have a finite kinetic energy at the moment they annihilate. This kinetic energy, which will 
be different from event to event, will be shared by the normally 511 keV photons, in a random 
proportion. Therefore, annihilation photons will show a wider intrinsic statistical uncertainty than 
photons originating from nuclear transitions. Statistical fluctuations also occur in the processes 
whereby the detector converts the initial energy of the gamma ray to an output pulse; only a part of 
the initial energy is converted and this fraction suffers a statistical variation fi*om photon to photon 
[35].
For scintillator detectors the resolution or relative FWHM that characterises the light production 
process can be proven to be [6 8 ]:
Where A is a constant; e is the energy required to produce a scintillation photon; and E is the 
incident photon energy.
4.4.2 Detector efficiency
The detection efficiency for a radiation detector quantifies the fi-action of incident radiation quanta 
reaching the detector that are detected. The full- energy peak efficiency describes a closely related 
quantity; specifically, the fraction of detection events in whieh the full energy of the incident 
radiation has been deposited.
There are two classes of efficiencies: the absolute efficiency and the intrinsic efficiency. These 
efficiencies are determined by the material properties in three different ways. First, both efficiencies 
increase with the dimensions (thickness and cross section) of the active medium. Second, both 
efficiencies increase with the mass density of the active medium. Finally, both efficiencies depend 
on the composition of the active medium and generally increase as the atomic number, Z, of the 
material constituents is increased [37].
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Absolute photo-peak efficiency 
Absolute efficiency, s t, is defined as:
£ ( = ^ . 1 0 0 % 13
N y
Ny is the total number of photons emitted by the source per unit time. C t is the number of counts in 
the full energy photo peak area and t is the time of acquisition of counts. N is obtained by [35]:
N y  =  A l y  14
Where Ny is defined by the current activity of the source
A =Ao 15
The fi-actional number of gamma-rays emitted by the source per disintegration, ly.
Intrinsic full energy photo peak efficiency
The intrinsic efficiency, 8 i , depends on the energy of the incident photons: transmission, absorption, 
full energy deposition, and the distance between detector and source, it is define as:
£ , =  ^ X 1 0 0 %  16
N y
In this case Ny is defined as:
The solid angle (fl) between source and detector for a point source is defined as:
Where r is the radius of the detector and d is the source to detector distance.
For, d »  a, the solid angle reduces to the ratio of the detector plane frontal area, A is visible at the 
source to the square of the distance [35]:
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Geometric Efficiency
A radioactive source issues isotropic radiation, whith the same intensity in all directions of
movement. The emitted radiation goes through an imaginary sphere with a surface area of 4 tt at
a distance r from a radioactive point source emitting y-rays. Therefore, the radiation flux /  going
through the surface area of the sphere in units of rays/sec/cm^, can be calculated as follows:
/  =  f / 4 7 r r ^  20
Ç represents the source emission rate, as shown in Figure 1, the increase in distance r, which is
calculated in centimetres, determines a decrease in the radiation flux (1//). This phenomenon is
referred to as the inverse-square law, which is significant with regard to detection efficiency and
radiation safety, and, moreover, is applied to every type of radioactive emission. A preliminary
estimation of the geometric efficiency of a detector can be achieved with the help of the inverse-
square law. Figure 1 indicates that only a portion AlAnr^ of the emitted radiation is intercepted by a
detector with a surface area A and situated at a distance r from a radioactive point source.
Therefore, the geometric efficiency gp of the detector is:
A
The subscript p indicates a point source [35].
21
.2d
3d
Figure 11 Diagram for in verse-sq uare law  (In tensity  = 1/d^) [69]
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Equation 24 becomes inaccurate when the source is “close” to the detector. For example, for a 
source at r = 0, it predicts gp = co. An equation that is more accurate at close distances for point 
sources located on the central axis of a circular detector is:
9p “ 0  (1 -  cose) 22
0 represents the angle subtended between the centre and edge of the detector from the source (Fig.. 
For example, when the radiation source is in contact with the surface of a circular detector, 0 = 90 
degrees andgp = 14 [35].
Geometric efficiency can be increased by making 0 even larger. For example, at the bottom of the 
well, in a standard well counter the source is partially surrounded by the detector. So that 0 -1 5 0  
degrees and gp -  0.93. In a liquid scintillation counter, the source is immersed in the detector 
material (scintillator fluid), so that 0 = 180 degrees and gp = 1 [35].
Equation 22 avoids the obvious inaccuracies of Equation 21 for sources placed close to the detector; 
however, even Equation 22 has limitations when the attenuation by the detector is significantly less 
than 100% [35].
The approximations given by Equations 21 and 22 apply to point sources of radiation located on the 
central axis of the detector. They also are valid for distributed sources that have dimensions that are 
small in comparison to the source-to-detector distance; however, for larger sources (e.g., source 
diameter ^  0.3r) more complex forms are required.
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4.5 Experimental procedure: Characterisation of LaBrs: Ce (5%) detector 
experimentally and by Monte Carlo Simulation
The main objective of the experiment was to characterise of a LaBrs: Ce(5%) scintillation detector 
in order to investigate the potential use of the relatively new scintillator materials for three-photon 
positron annihilation imaging where high energy resolution and good efficiency are required to 
detect the three photons precisely. It is necessary to have a good detection system in terms of 
optimising and coupling between the output of the detector and the rest of the counting system in 
order to minimise any source noise that may change or affect the signal quality and amplify the 
signal before it can be recorded. The physical parameters and the geometry of the source-to-detector 
play an important role in the sensitivity and accuracy of the detector efficiency measurement 
especially at low energies.
4.5.1 Detection efficiency
LaBrs: Ce(5%) has superb scintillator characteristics, combining high effective Z and density, fast 
decay time, emission wavelengths that match the commonly available photon detectors, and an 
excellent energy resolution (-3% at 662 keV). It is highly hygroscopic in nature, making it difficult 
to process, but its commercial availability has been gradually increasing in recent times. LaBrs: Ce 
(5%) has come into high demand for a range of applications primarily because of the superior 
energy resolution it offers [70].
When describing the detector efficiency D one has to take into account four individual aspects:
Geometric efficiency g, intrinsic efficiency g, photon detector efficiency /  and attenuation in
material along the path between source and detector F  [35].
D = g . s . f . F  23
As the scintillator crystals paired with the photon detectors do not yield light at a certain frequency
but rather light of broader and often multiple wavelength spectra, it is difficult to separate the 
photon detector efficiency f  entirely fi’om the equation. The wavelengths of the light yielded by the
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scintillator are not dependent on direction nor is the distance travelled of an individual ionising 
particle however, it fair to assume for it to be constant and thus combine it with the internal 
efficiency of the detector.
The attenuation F can easily be eliminated by not introducing any obstacles into the flight path 
between source and detector. Attenuation occurring in the source itself as well as in air over short 
distances is negligible and attenuation by additional parts of the detector (in this case the enclosure) 
is considered part of the intrinsic efficiency.
Thus the efficiency D of the system is described by two terms: The geometric efficiency g and the 
intrinsic efficiency, e [35]:
D = g  .E  24
Materials and Methods
A  cylindrical 25.0 mm x 25.0 mm LaBrs: Ce (5%) detector was purchased from Saint Gobain®
(BrilLanCe™380). The scintillator was mounted in 0.5 mm thick container aluminum and a mu-
metal shield was fitted over the PMT. The PMT had a bialkali photocathode, with maximum
quantum efficiency in the wavelength range (170-560 nm) suitable for LaBrs : Ce (5%) crystals with
maximum emission of around 380 nm [71].The PMT was optically coupled directly to the
scintillator. The amplifier was set on fine Gain 5 (which is the ratio of the signal at the output to the
signal measured at the input), gain 20, and amplifier shaping time 1 ps, and all were used to shape
the anode signal. A high voltage power supply (HVPS) provided the detector with positive 600 V
according to the manufacturers’ specifications. A pulse height analyser was used to record and store
the incoming pulses according to their pulse height. The height of the pulse is proportional to the
energy of the gamma-ray that enters the detector. Each pulse is thus consecutively stored in a
particular channel corresponding to a known energy. The distribution of the pulses in the channels
follows the distribution of the energies of the gamma rays incident on the detector. The Genie™
basic spectroscopy software was loaded into one of the computers in order to display, record, store
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and retrieve spectra in channels corresponding to the gamma ray energies. At the end of the chosen 
counting period, the spectrum was recorded and displayed by using The Genie™ The 
horizontal axis displayed the channel number, or gamma-ray energy when the system is calibrated 
and the vertical axis represented a count of the gamma ray events recorded per channel. The 
detector was held vertically with a graph paper on the table so that the position and source-to- 
detector distance were established.
LaBrs : Ce (5%) detector
22Na source
Figure 12 E xperim ental setu p : th e  LaBr3:Ce(5%) d e tec to r  hold vertically  on  P erspex holder.
The Spectrum of various calibration sources (^^Na, ^^ ^Cs, and % o ) were acquired separately for a 
600s acquisition time. By placing the source on the Perspex holder, the counting measurements of a 
point source were repeated for various source-to detector distances (5, 10, 15, and 20 cm) and for 
different shaping times. The background to the sources was acquired for the same acquisition time 
because the measurement of the absolute efficiencies. To remove the influence of lanthanum 
scintillator self-activity, the background was subtracted. The materials in near proximity of the 
source detector setup were removed, in order to avoid scattered gamma-rays entering the detector. 
The regions of interest were set for each full energy photo peak by determining the point where the 
peak started and ended. The starting point of the photo peak was determined by the following 
equation:
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25
The end of the full energy photo peak point was fulfilled by the condition [72]:
26
Cn -^the count in channel n 
Cn+i the count in channel n+ 1  
Cm the count in channel m 
Cm+i the count in channel m+ 1
( n + 1
Cnecoo -
5CO 1000
Channel number
Figure 13 Range se lec tio n  for d eterm in a tio n  o f  th e  start o f th e  p h o to  peak
To compare the experimental data against simulation, Monte-Carlo simulations were carried out 
using the GEANT 4 based GATE 6,2 toolkit [63], The LaBrs: Ce (5%) detector element was 
modelled according to manufacturer’s specifications [73], including the aluminium casing to 
account for its effect on intensity losses. Single event infomiation was recorded for three 
calibration bead sources (^^Na, Cs, and ^^Co) on the detector axis at distances of 5, 10, 15 and 20 
cm from the detector surface, respectively. The number of simulated events was kept similar to the 
sources used in the experimental setup to provide equal statistic of precision. The ROOT output
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files were analysed to obtain an energy spectrum. In this spectrum all photoelectric peaks were 
fitted with a Gaussian using Origin 8.5 pro.
Calibration
It is important to get accurate calibration to investigate the linearity of the system. This was 
achieved by using calibrated gamma-ray emitting point (2 mm bead) sources spaced over the range 
of interest for detector calibration. The full energy photo peaks of several- gamma emitters such as 
% o  (1173.2 and 1332.5 keV) and ^^Na (511 and 1274.5 keV), and single gamma-ray emitters such 
as ^^ ^Cs (662 keV) were used in order to derive a relationship between the channel number and 
photon energy. The duration of the counting time (live time) was long enough to obtain adequate 
counting statistics.
Table 2 D ecay data for rad ionuclides u sed  as gam m a-ray  effic ien cy  standards.
H jS S H I  S226.PH 4.24 1173.2 0.999
S226.PH 4.24 1332.5 1 . 0 0 0
U E N N I  S273.FH 25.343 661.6 0.851
S305.PH 81.076 511 1.798mm S305.PH 81.076 1274.5 0.999
B" 5.27
B 5.27
B" 30.17
B^ 2.60
E.C 2.60
The multi-channel analyser collects the voltage output from the amplifier and divides it into a 
number of channels of the same width. Table 3 shows the energies of the photons and the centroid 
channels for each. As shown in Figure 16 the system calibration was demonstrated to have linear 
dependence of the incident photon energy and the MCA’s channels, it showed good linearity 
between the energy and the channel number.
Table 3 Channel n u m b ers corresp on d ing  to  th e  p h o to  peaks o f  th e  p oin t so u rces for th e  LaBr^: Ce (5%) d etec to r
Source Energy (keV)
1274.5
661.6
1173.23
1332.49
Channel number
526.5
1343.2
689.5 
1234.6 
1409
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Channel Number
Figure 14 The gam m a-ray en ergy  against chan n el num ber for th e  LaBrS d e tec to r  as sh o w n
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Result and Discussion:
One of the factors that could affect the detection efficiency is intrinsic efficiency. This refers to the 
efficiency in which the detector absorbs the incident radiation events and converts them into 
potentially usable detector output signals; depending on the thickness and composition of the 
detector and the type of energy that is to be detected [35]. The other is known as the geometric 
efficiency, which is the efficiency involving the detector intercepting the radiation emitted from the 
source. This is dependent on the detector size and the source-to-detector distance [35].
1- Intrinsic efficiency
Intrinsic efficiency refers to the detector’s ability to absorb incident radiation in the scintillator and 
convert it into (near) visible light which is then translated into an electrical pulse by the photon 
detector. The probability of absorption is dependent on composition and effective thickness of the 
scintillator, as well as the energy of the incident y-ray. Composition of the scintillator and energy of 
the y-rays are inevitably determined, but the effective thickness of the scintillator (assuming the 
absolute thickness does not vary) is dependent on the angle of incidence, as this determines the 
distance travelled by the y-ray in the crystal [35].
Figure 15 demonstrates how the intrinsic efficiency is exponentially proportional to the amount of 
incident energy in the detector from different distance[74] ; however, the intrinsic efficiency 
increases with the source to detector distance. The experimental and simulation results showed good 
agreements (Fig 16).
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Figure 15 Intrinsic p h o to  peak  effic ien cy  in relation  to  en ergy  (sim ulation).
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Figure 16 Intrinsic p h o to  peak  e ffic ien cy  in relation  to  so u rc e -to -d e tec to r  d istan ce  (exp erim enta l).
Table 4  Solid angle va lu es at various so u rc e -to -d e tec to r  d ista n ces
Source-to-detector distance(cm) Q/4n(Sr)
5
10
15
20
0.1963
0.0490
0.0218
0.0122
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Table 5 Intrinsic effic ien cy  for d ifferen t radionuclide at d ifferen t so u rc e -to -d e tec to r  d ista n ces (exp erim enta l)
Distance(cm) I 511( keV) |661(keV) 1 1173( keV) I 1274( keV) ] 1332(keV)
5
10
15
20
15.98±0.06 9.84±0.10 4.17±0.10
17.36±0.10 11.57±0.10 5.29±0.20
22.51i0.10 12.25i0.30 5.85i0.30
23.59±0.30 12.56i0.50 5.97i0.40
4.37±0.10
5.84i0.10
5.91±0.10
6.45±0.20
3.99i0.10
4.54±0.10
4.5510.30
5.7410.30
Table 6 S h ow s th e  sim u lated  intrinsic effic ien cy  for d ifferen t rad ionuclides (^^Na, ^°Co. and Cs) a t d ifferen t so u rc e -to -d e tec to r  
distan ces.
18.26i0.32
22.36i0.04
13.07i0.04 I 6.24i0.10
Distance(cm) I Sll(keV) I 661(keV) 1173 (keV) 1274(keV) | 1332 (keV)
5
10
15
20
24.33i0.06
25.03i0.09
15.79i0.09
17.34i0.14
17.58i0.19
7.93i0.20
8.58i0.24
9.20i0.49
5.70i0.01
6.97i0.03
7.54i0.05
7.86i0.08
5.24i0.06
6.57i0.10
7.38i0.20
7.82i0.33
Table 7 C om parison b e tw e e n  ex p erim en ta l and sim u la ted  intrinsic effic ien cy  o f  LaBr^: Ce(5%) d e tec to r  for ^ N a , ^°Co. and Cs 
sou rces at 5 cm  so u rc e -to -d e tec to r  d istan ces.
Energy(keV)
511
661.6
1173
1274
1332
18.26i0.32
13.07i0.04
Experimental efficiency % Monte Carlo èffîciéncy%
15.98i0.06
9.8410.10
4.1710.10
4.3710.10
3.9910.10
6.24i0.10
5.70i0.01
5.24i0.06
I
1
•Experimental results -Simulated results
20
18
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0
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Energy (keV)
Figure 17 E xperim ental and sim u la ted  effic ien cy  resu lts for LaBr^: Ce (5%) d e tec to r  a t various en erg ies .
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2-Detection efficiency at various source-to-detector distances
The initial observation was the change of relative peak intensities when changing the source-to- 
deteetor distance was altered. Figure 18 shows that the relative changes in the detection efficiency 
values were due to the variations in the solid angle subtended by the detector-to-source 
distance. Therefore, the efficiency measurement was proportional to the solid angle. As the source- 
to-deteetor counting geometry is reduced, the sensitivity of the gamma-ray spectrometry is 
increased, as did the count rate[75]. However, the detector cannot distinguish separate photons 
emitted within a time interval shorter than the time constant of the detection electronics. As a result, 
the pile-up increases which means that the signals of the separate emissions are treated as one and 
do not appear in their respective peaks [76]. Pile-up correction is required in order to have high 
accuracy measurements of the efficiency [77].
Table 8 The sim u lated  d e te c tio n  effic ien cy  for d ifferen t rad ionuclide (^^Na, ^°Co. and Cs) at d ifferen t so u rc e -to -  d e te c to r  
d istan ces
Distance(cm) 511(keV) 661(keV) 1173(keV) 1274.5 (keV) j 1332 (keV)
0.28±0.04
0.08±0.01_
0.04±0.01
0.02±0.08
0.08±0.02 0.20±0.07
0.02±0.01 0.06±0.03
0.01±0.09 0.02±0.02
0.01±0.08 O.OliO.Ol
0.09±0.01
0.03±0.07
0.01±0.04
0.008±0.04
0.08±0.09
0.02±0.03
0.012±0.03
0.007±0.03
51
Chapter 4: Radiation Detection System
0.3
511 keV
661 keV0.25
1173 keV
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1274.5 keV
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0.1
0.05
source-to-detector distance (cm)
Figure 18 Detection efficiency for different radionuclide at different source-to-detector distances 
(experimentally)
Table 9 d e tec tio n  effic ien cy  for d ifferen t radionuclide ( Na, Co. and Cs) at d ifferen t so u rc e-to - d e te c to r  d ista n ces  
(exp erim enta lly )
Distance(cm) Sll(keV) 661(keV) 1173(keV) 1274.5 (keV) 1332 (keV) j
5 0.24±0.08 0.15±0.01 0.06±0.01 0.06=30.02 0.06=30.001
10 0.06±0.03 0.04±0.01 0.023=0.06 0.02=30.02 0.10±0.0004
15 0.033=0.02 0.023=0.05 0.013=0.04 0.01=30.02 0.203=0.0003
20 0.023=0.03 0.013=0.04 0.005=30.003 0.006=30.001 0.33=30.0003
0.3
0.25
 ^ 0.2<D‘o
£  0.15<u
§
y 0.1cj
0.05
0 10 15 205
" ♦" " 511keV 
■  661keV 
1173keV 
-4 4 -1 2 7 4 k eV  
1332keV
25
source-to-detector distance (cm)
Figure 19 V ariation o f  d e tec tio n  effic ien cy  w ith  so u r c e -to -d e te c to r  d istan ce  (exp erim en ta l)
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3 Energy resolutions measurements
Energy selection is important for imaging because it provides a means to discriminate against y rays 
that have been scattered within the body and therefore lost their positional information [78]. By 
choosing a relatively narrow pulse-height analyser window that is centered on the photo peak, only 
y rays that undergo no scatter or small-angle scatter will be accepted.
The energy resolution was calculated using the equation 9 by acquiring different spectrum with 
different radionuclide energy[76]. Furthermore, the detector was tested in order to find out if there 
is any shifting of the photo peak, when various distances of source to detector were used. The 
effects of source-to detector distance on FWHM are also discussed.
By moving the source close to the detector, the energy error contribution increased (contribution 
from the scattered energy with the peak position shifting slightly); there was a significant shifting in 
the photo peak eentroid energy. As shown in Table 10 and Fig.20 as the souree-to-deteetor distance 
increased, the centroid energy was decreased and the FWHM improved; therefore, the source-to- 
detector distance may affect the performance.
Table 10  Shifted  in cen tro id  en erg y  at d ifferen t d istan ces
Source-to-detector distance(cm)
5
10
15
20
IB0ÏEQB33B1I
25.9
26J
25.4
24.0
Centroid energy (channel/keV)
1225:529.8
1222:528.3
1221:527.5
1220:527.1
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530
529.5
529
528.5
528
C 527.5
527
526.5
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Source-to-detector distance (cm)
Figure 20  Shifted  o f centro id  en ergy  w ith  d ifferen t so u rc e -to -d e tec to r  d istan ce .
4.5.4 Conclusion:
Characterisation for the Labrg: Ce (5%) detector was performed in this chapter, in order to obtain a 
good functional response and to evaluate the suitability of the detectors in a three-photon 
annihilation detection system.
Higher efficiency measurements can be taken at short geometry from source-to-detector because of 
the large solid angle subtended by the detector at the source. The other advantages of the short 
geometry are that shorter measurement times are required to obtain a certain level of statistical 
accuracy of the results. However, this geometry has a serious problem due to its true coincidence 
summing. When two or more gamma rays are emitted in coincidence from the decay of the same 
radionuclide and are recorded simultaneously within the resolving time of a detector, the effect of 
coincidence summing of gamma radiation takes place; this leads to the loss of counts from under 
the individual photo peaks, while incrementing the counts under the sum peak. The coincidence 
summing effect greatly depends on the decay scheme of the radio-nuclide and the solid angle 
subtended by the detector at the source.
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One of the drawbacks of using the Monte Carlo simulation for calculation of efficiency is the low 
preeision of the simulation due to insufficient information about source and detector description. 
However, the short time to acquire the simulation events is helpful for testing different geometric 
setups in comparison with the practical choice of counting times used experimentally. An additional 
drawback is that the errors in the detector geometry and the solid angle subtended by the detector 
and the source could have a negative influence on the effieiency measurement; however, it can be 
quickly checked by simulation.
High-energy resolution is required to improve the quality of the image and reduce the noise due to 
scattered events which is achieved by setting the amplifier on 1 microsecond (shaping time) and at a 
low count rate. Shaping time has been used to shape the anode signal. To obtain good measurement 
of efficiency, resolution and three-photon image the detectors should not be too close or too far 
from the objeet. The high energy resolution of LaBrs :Ce(5%) detector makes it excellent for three- 
photon positron annihilation imaging.
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Chapter 5: Factors that affect dissolved oxygen in biological samples with 
respect to three photon positron annihilation
This chapter begins by describing the oxyhaemoglobin dissoeiation curve and the important tool for 
understanding how oxygen is released by blood. It then moves on to the faetors that affect 
oxyhaemoglobin dissociation curve. It then provides the basic information and description of the 
instruments and materials that were used and details regarding the procedures and methods for 
studying the factor that affect dissolved oxygen in biological samples. Finally, the experimental 
results obtained are presented and the main findings are analysed and discussed.
5.1 Physiological background
5.1.1 Oxygen-haemoglobin dissociation curve.
The principal factor determining the amount of oxygen that will combine with haemoglobin is the 
partial pressure of O2  (PO2 ). The oxyhaemoglobin dissociation curve (Figure 19) relates the oxygen 
saturation (SO2 , y axis) and the partial pressure of oxygen in the blood (x axis). This relation is 
determined by the “haemoglobin’s affinity for oxygen”, this is, the extent to which haemoglobin 
beeomes saturated with O2 .
In Figure 21, the red curve corresponds to the standard dissociation curve, that is, the dissociation 
curve for normal human blood; pH=7.40, PCO2 MO mmHg, DPG=5.0 mmol/1, and HbCO =1%  
[79]. At low values of PO2 , the haemoglobin is only partially saturated and is called “reduced 
haemoglobin”. For pressures below about 60 mmHg, at the steep part of the curve; as PO2  
decreases the oxygen is readily unloaded to peripheral tissue and the haemoglobin’s affinity for 
oxygen deereases. Additional oxygen molecules bind as the PO2  increases until the maximum 
amount that can be bound is reached. The curve levels out as this limit are approached as very little 
additional binding occurs, thus explaining the sigmoidal shape of the curve. As can be seen in 
Figure 21, above about 60 mmHg the standard dissoeiation curve is flat which implies that even
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with large increases in the PO2  the oxygen content of the blood does not change significantly [80, 
81]
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Figure 21 The O xyh aem oglob in  D issociation  Curve [82]
The P5 0  is the PO2 in blood at which Hb is 50% saturated and is used, eonventionally, as a measure 
of haemoglobin’s affinity for oxygen. For a healthy person it is about 26.6 mmHg while in the 
presence of disease or other conditions (explained below), the curve is shifted and, therefore, P 5 0  
shifts accordingly. A rightward shift (higher P5 0 ) indicates that higher PO2 is required in order to 
maintain 50% saturation (decreased affinity). On the other hand, a leftward shift (lower P 5 0 ) 
indicates a higher affmity[81, 83].
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5.1.2 Factors Affecting the Standard Dissociation Curve
A number of metabolic factors influence the haemoglobin’s affinity for oxygen with the most 
important being: tissue acidity (pH), PCO2 , temperature and 2, 3- diphosphoglyceric acid (2, 3- 
DPG). A rightward shift causes decrease in the haemoglobin’s affinity for oxygen making it easier 
to release bound oxygen. Conversely, a leftward shift increases the affinity [81, 84] .
pH
Variations in the hydrogen ion concentration alter the pH of blood. Hydrogen ions bind to 
haemoglobin, changing its chemical structure in a manner that reduces its ability to bind to oxygen. 
This is known as the “Bohr effect”. A decrease in pH shifts the curve to the right while an increase 
in pH causes a leftward shift [81]
CO2
There are two ways by which CO2  influences the curve: Firstly, it influences the intracellular pH as
it forms bicarbonate through the following reaction:
CO2 + H 2O H 2CO3 H+ +HCO3-  27
Higher amounts of CO2  shift the reaction to the right and subsequently shift the curve to the right
[83]. Secondly, carbon dioxide modulates O2  binding to haemoglobin direetly by combining
reversibly to N-terminal amino groups of blood proteins to form carbamino compounds:
R —NH2 ~{~ CO2 R —N H —COO" 28
Low levels of carbamino compounds have the effect of shifting the curve to the right, while higher
levels of carbamino compounds cause the opposite effect[80, 81].
58
Chapter 5: Factor that affect dissolved oxygen in biological samples
2,3-DPG
Diphosphoglycerate acid is an organophosphate created in erythrocytes during glycolysis. 
Whenever the oxygen supply to the tissues is reduced, 2, 3-DPG is produced by the RBCs. DPG 
reversibly binds to haemoglobin reducing its affinity for oxygen. High levels of 2,3-DPG shift the 
curve to the right, while low levels shift the curve to the left [81, 84].
Temperature
Higher temperature shifts the curve to the right, while lower temperatures shift the curve to the left. 
As opposed to the rest of the factors, temperature has a less dramatic effect [80, 81].
Generally, increased metabolic activity within a cell increases the acidity, PCO2  and temperature. 
Thus, a higher metabolism increases the amount of oxygen required [80].
Other factors that affect the curve are: (a) carbon monoxide, which binds to haemoglobin 240 times 
more readily than with oxygen shifting the curve to the left, (b) methemoglobinemia (congenital or 
acquired), an abnormal form of haemoglobin with an extremely high affinity for oxygen that causes 
a leftward shift of the curve and (c) fetal haemoglobin, which is structurally different from normal 
haemoglobin and has a higher affinity for oxygen than the adult’s. This higher affinity is what 
causes the fetal curve to be shifted to the left, relative to the one of a normal adult [81, 84].
5.1.3 Transport of Carbon Dioxide
Carbon dioxide is transported into the blood in three basic forms: (a) dissolved in plasma, (b) as 
carbaminohemoglobin and (c) as bicarbonate. Only 7% of CO2  is dissolved in plasma while the 
highest percentage of CO2 , 70%, is transported in blood in the form of bicarbonate as mentioned 
above. The remaining 23% attaches to reduced haemoglobin to form carbaminohemoglobin, this 
reduced haemoglobin has a higher affinity for CO2  than for fully saturated oxyhaemoglobin [80,
85].
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5.2 Experimental procedure
3y annihilation is considerably higher in a hypoxic environment. In this work, the factors (pH, 
temperature, N 2  and CO2 ) that affect dissolved oxygen in mineral water, in defibrinated horse blood 
and serum, were investigated; in order to compare the effectiveness of two different methods, for 
the preparation of the hypoxic samples. Carbon dioxide proved to be most effective for the 
reduction of DO in the samples. Blood tended to resist DO reduction since it decreased at a much 
slower rate than in water and serum. The results indicate that the hydration rate is generally higher 
in serum and the hydration rates for the blood and serum were found to be quite similar for sample 
A; which had an equilibrium water content of 38%; the diffusion coefficients were found 0.018 g/h 
in blood and 0.019 g/h in serum. For sample B, which had an equilibrium content of 75%, the 
hydration rate was different for the blood and the serum; the diffusion coefficients were 0.055 g/h in 
blood and 0.061 g/h in the serum. To conclude these findings one can state that hydrophilic 
materials are potentially suitable materials for the construction of hypoxic / normoxic / hyperoxic 
phantoms, since they have tissue equivalent structures in which the hydration level and type of 
liquid content can be controlled.
5.2.1 Material and method:
Dissolved Oxygen Meters
The term “dissolved oxygen” (DO) is commonly used in liquid analytical work and it refers to the 
measurement of the amount of oxygen dissolved in a unit volume. DO meters employ an electrode 
system (electrode pair) which provides direct measurements of DO; dissolved oxygen reacts at the 
cathode producing a measurable electrochemical effect (e.g. galvanic, potentiometric or 
polarographic) [86].
Two portable polarographic meters are used in the first experiment; the DOB-215 (Omega) and the 
D0400 (Whatman Ltd.). DO is detected via a probe which contains an electrode system separated 
from the measured sample by a semi-permeable membrane. The membrane only permits oxygen
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molecules to pass into the electrode system rather than liquid or other ionic compounds, the 
electrode pair is surrounded by an electrolyte contained membrane. The cathode carries a negative 
applied potential with respect to the anode. The cathode is polarized with hydrogen unless there is a 
reactant, such as oxygen, which will then, causes depolarization and the consumption of 39 
electrons. The products of depolarization reaction react with the anode in a manner that corresponds 
to the release of electrons. Therefore, current flows through the electrode pair the amount of which 
directly reflects the amount of oxygen entering the system [86-88]
DOB-215 DO meter displays the results in parts per million (ppm), ranging from 0-19.99 ppm, with 
an accuracy of ±0.1 ppm. It also measures temperature from 0°C - 50°C. D0400 meter displays the 
results in parts per million (ppm), which are also equated with milligrams per litre (mg/L) ranging 
between 0 -  45.00 ppm, and with an accuracy of ±0.1 ppm. In addition, it displays the percentage of 
saturation ranging from 0 -  300% with an accuracy of ±1.5% [87-89].
The DO meters have several advantages; they are portable, easy to use, simply calibrated, 
waterproof, and low cost, the probes can also be easily cleaned or replaced. However, there are a 
number of drawbacks: (a) their accuracy is affected by pH, temperature variations, and the presence 
of chemicals that induce voltage, (b) they are time consuming but only until the point of 
stabilisation is reached, when it then displays a reasonable result, (c) the samples need to be stirred 
constantly in order to ensure a continuous supply of fresh sample, avoiding the depletion of the 
oxygen surrounding the probe, and (d) the membranes are sensitive and can thus be easily 
damaged or contaminated [88, 89].
pH - Temperature Meter
For the pH measurements, the HI 991301 HANNA portable meter was used with a range of 0 -  14 
and an accuracy of ±0.01. The probe contains a thermistor which accounts for additional 
measurements of the temperature, ranging between 0 -  60°C, with an accuracy of ±0.5°C. Special 
buffer solutions where used for the calibration, and a mercury thermometer was also used for the 
majority of the samples [90].
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Chemical Materials 
AnaeroGen™
Is a system that has the ability to yield an anaerobic environment within a small sealed 
volume (2.5L or 3.5L depending on the format). It contains ascorbic acid in sachets and as 
soon as it contacts air, it becomes immediately activated; it absorbs oxygen and it 
supplements is with carbon dioxide. The reaction is exothermic; however, its temperature is 
not expected to exceed 65°C. According to the manufacturer, AnaeroGen can produce an 
atmosphere where oxygen is less than 1%, in less than 30 minutes and without the need for a 
catalyst [91].
Samples 
Mineral Water
Water comprises about 55-60% of the human body and it is the major component of every single 
cell. Water is the essential component of blood and, as such, it was used in the experiments as a 
reference of comparison. Mineral water was chosen since it contains several of the minerals 
dissolved in blood such as calcium, sodium, magnesium etc. Specifically, natural mineral water 
“Evian” was chosen with a pH of 7.18. Details about the mineral content can be found in Appendix 
B.
Defibrinated Horse Blood
Defibrinated blood is blood from which fibrinogen has been removed and therefore it is no longer 
able to coagulate. The defibrinated horse blood was supplied by TCS Biosciences Ltd. It was 
derived from healthy donor animals and, therefore, no biological hazard was involved [7]. Human 
blood was avoided due to possible implications of human biological infections such as hepatitis. 
There are controversial studies regarding the relative oxygen affinity of human and horse blood, 
however, G. Di Bella et al. (1996) concluded that in the absence of measurable DPG, human and 
horse blood have similar mean values of Psq.
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Horse Serum
For the production of serum, defibrinated blood was poured into vials and was separated via 
centrifugation. Each vial, after being spun for 7 minutes at a speed of %, contained a thick layer of 
serum over a layer of red blood cells. Serum was extracted careftilly, using a pipette, so as to 
contain the least amount of RBCs possible or, ideally, not any RBCs at all
Method:
150 ml of each of the three types of samples (water, whole blood and serum) was treated with each 
of the three types of chemicals (nitrogen, carbon dioxide and AnaeroGen) for two hours. 
Measurements of dissolved oxygen, pH and temperature were recorded every 5 or 10 minutes, 
during the two hours of exposure to the chemicals as well as for the two hours that followed the end 
of the exposure, thus a total of four hours. During the last two hours of the measurements, the 
samples were exposed to air in order to study the increase in DO; as oxygen would diffuse back into 
the samples.
In the cases of nitrogen and carbon dioxide, the samples were kept in a 250mL jar. Holes of
appropriate sizes on the lid allowed for all of the measuring probes to be immersed into the sample.
Gases were inserted into the jar and over the sample’s surface via a thin pipette with a flow of 1.5
L/h. All slots were sealed, with wax and para-film, however, a small slot was left open so as the
redundant gas could exit the jar. Thus, for the first two hours, the air above the liquid samples was
supplied with a constant flow of N 2  or CO2 , creating a lOOmL, high concentrated nitrogen or
carbon dioxide atmosphere respectively. In the previous year’s relevant study, the gases were
bubbled through the samples (the pipette was immersed in the samples) [8]. In this experiment, this
method was initially applied for 200mL water samples (bubbling with N 2  and CO2  for Ih with a
flow of 1 L/h), however, it was decided to be replaced by the one described above.
In the case of AnaeroGen and for each sample, a beaker containing the liquid sample was placed
inside a 2.5L jar. All the measuring probes were inserted into the samples, except from the mercury
thermometer. After being removed by their protective foil packet, AnaeroGen sachets were placed
into the jar. The jar was sealed immediately, ideally in less than 1 minute after the sachets were
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exposed to air. Measurements of the DO and pH were taken for two hours, while the AnaeroGen 
was treating the sample in the sealed jar, for the two hours after opening the jar and exposing the 
sample to air ( a total of four hours) All the samples were constantly stirred using a magnetic stirrer 
at a speed of -550-600 rpm.
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5.2.2 Results and discussion:
Mineral Water
Figures 22 and 23 show the change of the DO in the mineral water samples before, during and after 
being bubbled for Ih and with a constant flow of IL/h with N2  and CO2 respectively.
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Figure 22 Logarithm ic sca le  o f  DO in ppm  and % Sat for 200m L o f  m ineral w a ter  versu s t im e  b efo re , during and a fter  
bubbling w ith  N% (uncertainty: ± 0 .1  ppm , ± 1.5%)
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Figure 23 Logarithm ic sca le  o f DO in ppm  and % Sat for 200m L o f m ineral w a ter  v ersu s t im e  b e fo re , during and  
a fter  bubbling w ith  CO2 (uncertainty: ± 0 .1  ppm , ± 1.5%)
Before bubbling, the first sample with N2  the DO was found to be 9.6 ±0.1 ppm and 7.47 ±0.1 
ppm (95.7 ± 1.5%) by the Omega and D0400 meters, respectively. The DO then rapidly decreased
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and reached the low levels of 1.9 ± 0.1 ppm (Omega) and 1.3 ± 0.1 ppm (16.9 ± 1.5%) (D0400), 
respectively. In the case of the CO2 , the changes were again quite rapid, however lower levels of 
oxygen were reached. The initial values were 9.1 ±0.1 ppm (Omega) and 6.98 ±0.1 ppm (92.3 ± 
1.5%) (D0400), while after one hour of bubbling, it reached 0.8 ±0.1 ppm (Omega) and 0.22 ±0.1 
ppm (2.8 ± 1.5%) (D0400). After stopping the flow of gas, the increase in DO was quick for both 
cases; indicatively, within the first 10 minutes of exposure to air, it increased by 47.1% and 39.5% 
in the first and second samples respectively.
Further, in both cases, immediately after starting the flow of gas, DO decreased quite rapidly. A 
lower diffusion rate would be expected since it is known that the diffusion of gases in and out of 
liquids is a relatively slow process. For this reason, it was decided to alter the method for treating 
the samples, that is, to no longer bubble gases through the samples but expose the surface of each 
sample to a highly concentrated atmosphere of the desired gas, thus allowing the diffusion of the 
gases only through the surface of the samples.
Figures 24 and 25 show the change of DO in mineral water samples before, during and after being 
exposed, for 2h with a constant flow of 1.5L/h of N2  and CO2  respectively.
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Figure 24  Logarithm ic sca le  o f DO in ppm  and % Sat for 1 5 0 m l o f m ineral w a ter  versu s t im e  b e fo re , during and after  
being  e x p o se d  to  N% (uncertainty: ± 0 .1  ppm , ± 1.5%)
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Figure 25 Logarithm ic sca le  o f  DO in ppm  and % Sat for ISOmL o f m ineral w a ter  versu s t im e b efo re , during and after  
being ex p o se d  to  co2  (uncertainty: ± 0 .1  ppm , ± 1.5%)
As seen, for both cases, the DO decreases gradually reaching the lowest values at the end of the 
second hour of exposure. The first sample, before being treated with N2 , had values of 7.2 ±0.1 
ppm (Omega) and 7.2 ± 0.1 ppm (93.7 ± 1.5%) (D0400). After two hours of exposure the DO 
reached values of 0.1 ± 0.1 ppm (Omega) and 1.15 ± 0.1 ppm (14.8 ± 1.5%) (D0400). The second 
sample before being exposed to CO2 , had values of 7.2 ±0.1 ppm (Omega) and 7.35 ±0.1 ppm (96 
± 1.5%) (D0400). The lowest values reached after the two hours of exposure are 0.2 ±0.1 ppm 
(Omega) and 1.23 ±0.1 ppm (15.8 ± 1.5%) (D0400), similar to the ones obtained with N 2 .
Again, the increase of DO after the termination of exposure to the gases was much less abrupt than 
in the case of the bubbling method. Taking into account that the diffusion of gases in liquids is a 
relatively slow process, the above showed that the measurements of DO obtained by the second 
method were not only more realistic but also more reliable. The measurements obtained with the 
first method contain certain errors, and these can be explained by the fact that when a gas is forced 
into a liquid that is also being stirred, a large number of bubbles (either big or small) are formed. 
Small bubbles can become attached to membranes of the instrument probes resulting in lower 
measured values of DO that will not correspond to the actual ones. Figure 26, shows the reduction 
of DO in mineral water samples of 150mL treated with AnaeroGen for 2h.
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Figure 25  Logarithm ic sca le  o f DO in ppm and % Sat for ISOmL o f  m ineral w a ter  v ersu s t im e b efo re , during and a fter  being  
trea ted  w ith  A naeroG en (uncertainty: ± 0 .1  ppm , ± 1.5%)
Before sealing the jar, the DO in the sample was found to be 7.6 ±0.1 ppm (Omega) and 7.6 ±0.1 
ppm (93.3 ± 1.5%) (D0400). The decrease of DO was gradual reaching 0.2 ±0.1 ppm (Omega) and 
0.76 ±0.1 ppm (10.2 ± 1.5%) (D0400) after two hours of exposure to the anaerobic environment 
created by the AnaeroGen. For all the previous cases, during the last two hours of measurement the 
DO increased and reached (or slightly exceeded) the initial values. The pH changes, induced by the 
chemical factors applied, were recorded for all of the samples and are represented in Figure 27.
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Figure 27 pH m ea su rem en ts  in 150mL o f m ineral w a ter  trea ted  w ith  N%, CO2 and A naeroG en (uncertain ty: ± 0 .01)
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Figure 28 shows the changes in temperature. Three indications of temperature were recorded each 
time by three means: the DOB-215 and HANNA meters as well as by a mercury thermometer. The 
indications of HANNA meter and mercury thermometer were constantly in good agreement (max. 
deviation 0.1-0.2°C); however, the Omega’s temperature display seemed to be incorrect since it 
rarely agreed with the other means. Due to this reason and the fact that the mercury thermometer 
could not be used with the AnaeroGen measurements (did not fit into the 2.5L jar); all the graphs of 
temperature versus time were plotted based on the temperature readings of the HANNA meter.
As expected, the higher amount of N2  dissolved in water caused an increase in pH; from 7.29 ± 0.01 
to 8.06 ± 0.01. CO2 and AnaeroGen caused a decrease in pH, however, with CO2  it was quite sharp 
fall within the first 5 min and reached much lower values (5.38 ± 0.01) compared to AnaeroGen 
where the decrease was gradual until the lowest value was obtained (6.28 ± 0.01).
N2  caused a small reduction in temperature (from 21 ± 0.5°C to 20.5 ± 0.5°C) within the first 20 
min while CO2 did not appear to how an effect on the temperature. AnaeroGen caused a larger 
increase in temperature as expected (exothermic reaction of O2 absorption). Generally, the large 
increase in temperature throughout the time of measurements time is attributed to the magnetic 
stirrer device. Heat was not only produced mechanically by the stirrer but the heated metallic 
surface of the magnetic stirrer device also contributed to the temperature rise.
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Figure 28 T em perature m ea su rem en ts in ISOmL o f  m ineral w a te r  trea ted  w ith  Nz, CO2  and A naeroG en  (uncertainty: ± 0.5°C.)
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Defibrinated Horse Blood
Figures 29 and 30 represent the reduction of DO in 150mL of blood while it was exposed for 2h in a 
constant flow of 1.5L/h, to N2  and CO2 , respectively. Figure 31, depicts the decrease of DO in 
blood treated with AnaeroGen
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Figure 29 Logarithm ic sca le  o f DO in ppm  and % Sat for ISOmL o f  b lood  versu s t im e  b efore , during and a fter  being  ex p o se d  to  
Nz (uncertainty: ± 0 .1  ppm , ± l.S% )
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Figure 30  Logarithm ic sca le  o f DO in ppm  and % Sat for ISOmL o f  b lood  versu s tim e b efo re , during and a fter  being e x p o se d  to  
COz (uncertainty: ± 0 .1  ppm , ± l.S% )
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Figure 31 Logarithm ic sca le  o f  DO in ppm  and % Sat for 1 5 0 m l o f b lood  versu s t im e  b e fo re , during and after being  trea ted  w ith  
A naeroG en (uncertainty; ± 0 .1  ppm , ± 1.5%)
Before being exposed to Nz the initial values of DO in blood were 8.5 ±0.1 ppm (Omega) and 7.01 
±0.1 ppm (92.6 ± 1.5%) (D0400). These decreased to 1.1 ±0.1 ppm (Omega) and 1.32 ±0.1 ppm 
(16.8 ± 1.5%) (D0400) after 2h of exposure. For the sample exposed to COz, the initial values were 
7.1 ±0.1 ppm (Omega) and 7.06 ±0.1 ppm (94.5 ± 1.5%) (D0400) and the lowest values reached 
were 2.6 ±0.1 ppm (Omega) and 3.08 ±0.1 ppm (40.2 ± 1.5%) (D0400). For the sample treated 
with AnaeroGen the DO dropped from 7.0 ±0.1 ppm to 1.8 ± 0.1 ppm (Omega) and from 8.26 ±
0.1 ppm (103.7 ± 1.5%) to 2.5 ±0.1 ppm (33.5 ± 1.5%) (D0400). Figures 32 and 33 show the pH 
and temperature changes in blood samples caused by the three chemicals studied.
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Figure 32  pH m ea su rem en ts  in 150mL o f b lood  trea ted  w ith  Nz, COz and A naeroG en (uncertainty: ± 0 .01 )
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Figure 33 T em perature m ea su rem en ts  in 1 5 0 m l o f b lood  trea ted  w ith  Nz, COz and A naeroG en (uncertainty: ± 0.5°C)
As seen from figures 29, 30 and 31, the decrease of DO is slower in blood than in water for all the 
cases of the chemicals that were used, whilst the lowest values reached are higher than the ones 
reached in water. This suggests that blood resists the reduction of DO, a fact attributed to 
haemoglobin which releases the bound oxygen at low pOz conditions. Moreover, after ending the 
exposure to Nz, DO increased gradually reaching 67.5% saturation in the following two hours in 
contradiction to the cases of COz and AnaeroGen where the DO remained quite low until the end of 
measurements (47.6% and 38.8% respectively). This fact also explains why blood, after being 
exposed to these chemicals reduced the DO, and remained darker in colour. The above can be 
interpreted as COz being attached to the reduced haemoglobin, inhibiting the binding of the Oz 
molecules or due to the formation of bicarbonate, thus shifting the oxyhaemoglobin to the right 
(decreased affinity).
As for the pH, the effect of AnaeroGen in blood was small; it dropped from 7.04 ± 0.01 to 6.96 after 
the 2h of treatment. During the 2h of exposure to COz, pH decreased from 7.16 ± 0.01 to 6.29 ± 
0.01, while it increased reaching a value of 6.87 ± 0.01 during the last 2h when the sample was 
exposed to air. Low pH shifts the oxyhaemoglobin curve to the right suggesting a lower affinity to 
oxygen a fact that additionally explains the low DO saturation values measured after the end of
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treatment with CO2 and AnaeroGen. N 2 gradually increased the sample’s pH from 7.04 ± 0.01 to 
7.36 ± 0.01 until the end of the measurements.
The temperature rise in all cases, however, in the case of AnaeroGen this happened more abruptly 
(exothermic reaction) than with N 2 and CO2 . Again, as mentioned, the increase in temperature is 
mainly due to rotation of the magnetic stirrer.
Serum
Figures 34, 35 and 36 show the effect of N 2 , CO2  and AnaeroGen on DO in 150mL of serum 
following the exposure method, as described previously. The decrease of DO during the first 2h of 
exposure is again gradual in all of the cases. Specifically, for N 2 , the DO dropped from 9.0 ± 0.1 
ppm (Omega) and 7.55 ± 0.01 ppm (100.5 ± 1.5%) (D0400) to 0.2 ±0.1 ppm (Omega) and 0.96 ± 
0.01 ppm (12.2 ± 1.5%) (D0400). For CO2 , DO dropped from 8.6 ± 0.1 ppm (Omega) and 7.61 ± 
0.01 ppm (100.8 ± 1.5%) (D0400) to 0.4 ±0.1 ppm (Omega) and 1.37 ± 0.01 ppm (17.1 ± 1.5%) 
(D0400). For AnaeroGen, the DO dropped from 7.4 ±0.1 ppm (Omega) and 8.38 ± 0.01 ppm 
(104.3 ± 1.5%) (D0400) to 0.7 ±0.1 ppm (Omega) to 1.56 ± 0.01 ppm (21 ± 1.5%) (D0400).
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Figure 3 4  Logarithmic sca le  o f  DO in ppm  and % Sat for 1 5 0 m l o f  serum  versu s tim e  b e fo re , during and after b ein g  e x p o se d  to  
Nz {uncertainty: ± 0 .1  ppm , ± 1.5%)
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Figure 35  Logarithmic sca le  o f DO in ppm  and % Sat for ISOmL o f serum  versu s t im e  b efo re , during and a fter  being  e x p o se d  to  
COz (uncertainty: ± 0 .1  ppm , ± l.S% )
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Figure 35  Logarithmic sca le  o f  DO in ppm  and % Sat for ISOmL o f  serum  versu s t im e  b e fo re , during and a fter  being tr e a te d  w ith  
A naeroG en (uncertainty: ± 0 .1  ppm , ± l.S% )
In all cases, the DO levels increased during the last two hours when the samples were exposed to air 
and thus reached the initial values. Depending on the chemical, here, the patterns of changes in DO 
are similar to the ones in the case of mineral water.
Figures 37 and 38 illustrate the changes in pH and temperature induced by N 2 , CO2 and AnaeroGen 
before, during and after the 2 h of exposure.
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Figure 37 pH m ea su rem en ts in ISOmL o f serum  trea ted  w ith  Nz, COz and A naeroG en (uncertainty: ± 0 .01)
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Figure 38 T em perature m ea su rem en ts in ISOmL o f serum  trea ted  w ith  Nz, COz and A naeroG en (uncertainty: ± O.S°C)
There was a small increase in the samples’ pH when N2  was used; starting from 7.39 ± 0.01 it 
increased to 7.73 ± 0.01 at the end of the 2h of exposure to N 2 and continued rising up to 7.91 ± 
0.01 at the end of the 2h of exposure to air. CO2  and AnaeroGen decreased the pH from 7.42 ± 0.01 
and 7.45 ± 0.01 to 6.06 ± 0.01 and 7.03 ± 0.01 at the end of the second hour. PH was almost 
restored to the initial values after the samples were exposed to air. Temperature rose in all cases, 
due to the reasons discussed previously, following similar patterns as in blood.
As for the two DO meters used, generally, they seemed to follow the same patterns of reduction and 
increase of DO values. Initially, for the bubbled samples of mineral water, the probes were filled
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with different electrolytes (provided by the manufacturers) and the DO indications had deviations of 
up to ~2 ppm. For the rest of the measurements, the same electrolyte was used and the indications 
of the two meters were usually in good agreement. However, as DO was decreasing in the samples, 
the deviation in the indications of the two meters also increased. The larger deviations were 
observed below a value of ~1 ppm where DOB-215 reached much lower values than D0400.
5.2.3 Conclusion
The factors that affect dissolved oxygen (DO) in three types of samples (mineral water, 
defibrinated horse blood and serum) were investigated in this project. Nitrogen and carbon dioxide 
gases and ascorbic acid (AnaeroGen) were the chemicals used to reduce the dissolved oxygen in the 
three types of samples. Measurements of DO, pH and temperature were recorded before, during and 
after treating the samples with the above factors.
Two methods for the preparation of the in vitro hypoxic samples were investigated and evaluated; 
in the first, gases were bubbled through the samples and proved to be less able to provide reliable 
results. On the other hand, the second method applied (exposing the surface of the samples to the 
chemicals), even though a considerably slower process, provided more realistic results in the sense 
that they corresponded to the slow diffusion rates of gases in and out of liquids.
Regarding the effectiveness of the different factors in DO reduction, carbon dioxide proved to be 
the most effective since generally lower DO values were reached when the samples were exposed to 
it. Blood had the tendency to resist DO reduction which happened at a much slower rate than in 
water and serum. The above, as well as the fact that the oxygen level in blood remained low after 
the end of exposure to the chemicals suggest that the solubility of oxygen in blood depends upon 
the concentration of haemoglobin as well as upon other ligands (e.g. CO2 ) which combine with 
haemoglobin and affect oxygen binding. CO2  combines with haemoglobin affecting oxygen binding 
and forms bicarbonate which further decreases the affinity of haemoglobin to oxygen.
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Nitrogen caused an increase in pH whilst carbon dioxide made the samples more acidic, as 
expected. The changes were quite small in blood but larger in the water and serum samples.
The DO meters used followed the same patterns of DO reduction and increase. However, below a 
value of 1 ppm, there were considerable differences; DOB-215 (Omega) reached lower values 
leading to the conclusion that it is more sensitive to lower values of oxygen partial pressures than 
D0400 (Whatman Ltd.).
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Chapter 6: study the hydrophilic material properties to use it as phantom
It is important to find tissue substitute phantoms of known oxygen content, in order to account for 
the measurement of the ratio for the 3-to-2 annihilation photons and simulate the interaction of the 
radiation beam, with the patient. However, one must remain aware of how variable the patient’s 
anatomy could be, in term of size, shape, tissue composition and anatomical details. In this chapter, 
the radiation, physical, and hydration characteristics of hydrophilic materials has been studied and 
their potential use as tissue equivalent materials, that can be used as radiation phantom materials.
6.1 Hydrophilic material
Hydrophilic materials, referred to as ‘Hydrogels’, are Cross-linked Hydrophilic Copolymers. 
Copolymers are a mixture of hydrophobic and hydrophilic monomers, with either 
methylmethacrylate (MMA) or hydroxyethyl methacrylate (HEMA) generally used as hydrophobic 
monomers, while vinyl-pyrolidone (VP) is added as the hydrophilic component. Thus, MIVLAWP 
and HEMAATP are two standard types of hydrophilic material. The monomers used are mainly 
composed of C, N, H and O, which are also the major constituents of soft human tissue, Table 11 
[34, 92, 93].
6.1.1 Hydrophilic material composition:
Polymers:
The terms polymer and monomer were derived fi*om the Greek roots: poly (many), mono (one) and
meros (part). Recognition that polymeric macromoleeules make up many important natural
materials was followed by the creation of synthetic analogs having a variety of properties. Many
polymeric materials having ehain-like structures similar to polyethylene are known. Polymers
formed by a straightforward linking together of monomer units, with no loss or gain of material, are
called addition polymers or chain-growth polymers. Polymer synthesis is a complex procedure of
reacting monomer molecules leading to the production of 3D polymer chains. Free radical
polymerization is the most common type of addition polymerization. Addition polymerization could
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be simply defined as a chemical reaction in which monomers are added to each other forming a 
long growing chain (polymers). The first step of this process is the initiation where a relatively 
unstable molecule, the initiator, decomposes into reactive free radicals, in the presence of 
monomers, which facilitates (initiates) the polymer growth. The second step involves the 
intermolecular covalent bonding between the formed polymer chains. 'Cross-linking agents' are 
substances that regulate that process [94].
In most polymers, molecular liquids, fine powders and gases the positronium is formed but the 
quenching effect of the ortho-positronium state varies. Strong quenching of the orthopositronium 
state is found in oxygen, which is known to catalyse the conversion of triplet positronium to singlet 
state.
Copolymers:
The syntheses of macromoleeules composed of more than one monomeric repeating unit have been 
explored as a means of controlling the properties of the resulting material. In this respect, it is useful 
to distinguish several ways in which different monomeric units might be incorporated in a 
polymeric molecule. The following examples refer to a two component system, in which one 
monomer is designated as A and the other as B.
Statistical copolymers also called random copolymers. Here the monomeric units are distributed 
randomly, and sometimes unevenly, in the polymer chain: ~ ABBAAABAABBBABAABA-. 
Alternating Copolymers Here the monomeric units are distributed in a regular alternating 
fashion, with nearly equivalent amounts of each in the chain: -ABABABABABABABAB-.
Block Copolymers Instead of a mixed distribution of monomeric units, a long sequence or block 
of one monomer is joined to a block of the second monomer: -AAAAA-
BBBBBBB~AAAAAAA~BBB~.
Graft Copolymers As the name suggests, side chains of a given monomer are attached to the 
main chain of the second monomer: -AAAAAAA (BBBBBBB-) AAAAAAA (BBBB~) AAA- 
[94].
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Finally, Copolymers are a mixture of hydrophobie and hydrophilic monomers. Either 
methylmethacrylate (MMA) or hydroxyethyl methacrylate (HEMA) is usually used as hydrophobic 
monomers, while vinly-pyrrolidone (VP) is added as the hydrophilic component. MMAÆP and 
HEMAÆP are the two standard types of material used. The monomers used are mainly composed 
of C, N, H and O, which are also main constituents of human tissue. Table 13 shows the elemental 
composition of hydrophilic materials [34].
Table 11 The e le m e n ta l co m p o sitio n  o f VP and MMA m on o m ers
Material
Fraction by weight (%)
Vinyl Pyrrolidone (VP) 
Methyl Methacrylate (MMA)
68.84 8 .16 14.39 12.60
71.40 9.59 19.02
6.1.2 Hydrophobicity:
“Hydrophobicity" can be simply defined as the inherent ability of the molecules of materials to 
absorb and/or interact with water molecules without being dissolved in it. This can happen in 
certain instances, through the ability of the polar functional groups that form hydrogen binding with 
water molecules. There are two ways to absorb water molecules,; firstly , those water molecules that 
are more or less bound firmly to the hydrophilic sites usually through hydrogen bonding; and 
secondly , free water which enters the structure as expansion occurs [95] . This property is
beneficial since osmotic reactions can take place and substances can diffuse into and out of the 
hydrogel. For instance, the gated cross-linking agents, initiator and un-polymerized monomers can 
be removed from the material whilst the substances that are dissolved in water, such as trace 
elements, oils, fat etc...., can penetrate into the hydrogel structure as long as they are smaller than 
the effective pore diameter. These hydrophilic properties could be very beneficial in industry, 
especially in terms of keeping essential areas clean. A striking example of this is that a hydrophilic
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membrane will not be fouled with oil, grease or other hydrophilic substances. Since the membrane 
is highly attractive to water, water molecules will tend to push away other molecules in order to 
gain access to the membrane. When they are formed, hydrogen bonds become quite stable and 
reluctant to break apart. This keeps contaminants away from the membrane so it remains clean and 
functioning for longer. Catheters, contact lens cleaners, gums in frozen dough, waterproofing 
outside materials (e.g. horse blankets,) surface treatment of wet wipes and nappies, wound dressings 
and scientific testing for proteins are examples of other uses of the hydrophilic substances [2 ].
The water absorbed by a hydrophilic material is quantitatively represented by the equilibrium water 
content, EWC, is defined as the ratio of the weight of the liquid to the weight of the fully hydrated 
material [96]:
fWC = of  water inhydrogel
total weight of hydrated hydrogel
The EWC of a hydrogel may be affected by the temperature, pH and osmolality. The EWC 
depends on the ratio of MMA to VP material. The hydrophilic materials being used in this 
study are basically composition of MMA and VP. The chemical structure of MMA and VP is 
shown in Fig.39 and the elemental composition presented as fraction by weight is shown in 
Table 11. The MMA and VP materials contain the main constituents of human tissue which 
are carbon, nitrogen, hydrogen and oxygen. The hydrophilic material’s compatibility could be 
further enhanced by increasing the ratio of H: C: O: N which matches the required H: C: O: N 
mass ratio of human tissue.
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CH
CH
Figure 39  Chem ical structure o f  M ethyl M eth acry late (MMA) and Vinyl Pyrrolidone [97]
The EWC in the hydrophilic material controls oxygen permeability because the oxygen has the 
ability to pass through the water rather than through the material itself.
6.1.3 Advantages of hydrophilic material to use it as a phantom:
There are many advantages of cross-linked hydrophilic copolymers; one of them is its use as 
tissue substitute material and its ability to absorb water which is one of the main components 
of human tissue. The ratio of H: C: O: N can match the required H: C: O: N mass ratio in 
human tissue by choosing the composition of MMA (Methyl Methacrylate and VP (N- 
vinylprrolidone) appropriately. This possibility along with the fact that the hydration level and 
the type of the solution (e.g. gases in water solvent) can be controlled, giving the opportunity 
to better imitate various human tissues as well as different disease stages than existing 
phantoms do. Furthermore, it could be formed into small and thin speckles or spheres to be 
used as test objects for contrast and resolution evaluations [100]. Moreover, it tends to satisfy 
the safety and other non-radiation phantom requirements, it is non-toxic, non-carcinogenic, 
and non- corrosive and non- inflammable. The hydrophilic materials can be stored indefinitely 
in ambient temperature as long as they are covered from all sides by a material such as 
siloxane. Furthermore, hydrophilic materials can be easily manufactured to a volume of up to 
1570 cm  ^with very minimum possibility of creating bubbles in their structures [2] .
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6.1.4 Hydrophilic material Preparation:
There are various techniques that could be used to cause crosslinking, which are dependent 
upon the polymer, such as radiation cross-linking and polymerization; by altering the chemical 
structure of it by adding different chemicals in conjunction with heating and pressure.
Radiation cross-linking
The polymer can be cross-linked via high-energy ionising radiation, such as an electron beam, 
gamma or x-ray. In general, gamma radiation is cost-effective when used in doses below 80 
kGy and for extensive parts with a high density. On the other hand, the electron beam is 
employed mostly for small parts with a low density, as well as for linear products with a reel 
to reel processing, such as wires, cables, and tubing. Irradiation generates free radicals that 
undergo different chemical reactions, occasionally at slow reaction rates. The recombination 
of the free radicals results in the formation of cross-links, the extent of which is influenced by 
the polymer as well as the dose of radiation. Irradiation is advantageous to employ for cross- 
linking as the extent of cross-linking can be readily regulated through the radiation dose. The 
additives included in the base polymer and the type of radiation employed facilitates the 
control of the extent of cross-linking as well. The process of oxidation also has an influence 
on cross-linking, particularly during gamma irradiation, but not so much in the case of 
electron beam irradiation, which is much faster. In addition, oxidation can persist even after 
irradiation has ceased, inducing property alterations in the long-run. Adding antioxidants to 
the polymer resin considerably circumvents oxidation.
During polymer irradiation, the competing process of scissioning takes place, causing the 
polymer chains to fragment and the molecular mass to diminish. The processes of scissioning 
and cross-linking happen concomitantly but one is usually more prevalent than the other, as 
dictated by the polymer type and radiation dose. The G value represents the process 
occurrence rate and is calculated as the number of events taking place with the assimilation of 
100 eV of energy [101].
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Polymerisation
It is the chemical reaction procedure that forms the long-chain polymers from the monomers. 
There are two types of Polymerisation: the first is step, which are condensation polymers are 
produced by the reaction of monomeric units with each other, with the elimination of a small 
molecule such as water. Second, chain (addition) processes [101].
Chain polymerisation
It is the reaction of the monomeric units with each other, without the elimination of small by 
product molecules to form the chain polymers. The monomer concentration, therefore, 
decreases steadily with time, resulting in a reaction mixture that contains monomer, high- 
molar-mass polymer and a low concentration of growing chains.
The monomers used in chain polymerisation are unsaturated and are sometimes referred to as 
vinyl monomers. Essentially this means that the monomer has one or more carbon-to-carbon 
double bonds. Chain polymerisation is characterised by three distinct stages: initiation, 
propagation and termination.
Initiation
The monomer mixture must contain an initiator, which is a chemical whose role is to start off 
the chemical process. These substances readily fi*agment into free radicals when activated by 
heat or some other form of radiation, e.g. ultraviolet (UV) light. This is schematically 
represented by the following equation, where I  represent the initiator molecule and /  represent 
a fi*ee radical.
/  — I 2,1 30
The active radicals formed are then able to combine with the monomer (M), resulting in a free 
radical of the monomer (this is why the polymerisation of hydrogels is sometimes referred to 
as free radical polymerisation) [1 0 1 ]:
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/ •  +  M  IM'  31
Propagation
The monomer radical, which is a transient compound, is now able to combine with another
monomer unit, resulting in another new compound:
IM' IMM' 32
By the continuation of this process, the polymer chain is propagated. The resultant chain may
consist of thousands of monomer units [1 0 1 ]:
IM'n + M IM '(n  + l )  33
Termination
The free radicals involved are so reactive that they inevitably find a variety of ways to lose
their reactivity. That is why some times the polymerisation does not continue until
all of the monomer has been used up. There are two methods to terminate the polymerisation:
recombination and disproportionation. As shown in the equation 36-37.The recombination
occurs when two growing molecules containing free radicals meet, share their unpaired
electrons and so form a stable covalent bond, thereby extinguishing their reactivity. Symbol P
represents the growing polymer chain.
IP'  +  IP' ^  I P - P I  3 4
The other method is the disproportionation , which occurs when two radicals interact via
hydrogen abstraction, leading to the formation of two reaction products: saturated and
unsaturated[1 0 1 ]:
PCH2CH'2 +  PCH2CH'2 PCH2CH2 +  PCH =  CH2 35 
As initiation, propagation and termination steps are taking place during chain polymerisation,
other reactions can also occur because of the reactivity of the free radicals. These processes
include chain transfer and free radical combination with retarders or inhibitors.
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6.2 Experimental procedure
6.2.1 Hydration Behaviour of hydrophilic material in biological samples:
Two sets of the hydrophilic samples were used; the first set includes samples Ai and Bi, while the 
second set includes samples A% and B2 . First, their weight, thickness, maximum and minimum 
diameters as well as the amount of light that comes out of one surface (bottom) when a 0.89mW 
laser beam is applied vertically on the other surface (top) were measured. A digital calliper was 
used for measuring the dimensions. Then each of the samples Ai and Bi was immersed in 75mL of 
defibrinated horse blood of room temperature (pH=7.17), contained in small beakers and sealed 
with parafihn. The same measurements were repeated after 1, 4, 9, 21, 33, 52, 70, and 97 hours of 
immersion in blood in order to observe the changes in shape, level of hydration and amount of 
passing light. The same procedure, regarding measurements and time frame, was followed for 
samples A2  and B2 ; however, those were immersed in serum in order to observe any differences in 
hydration behaviour.
6.2.2 Results and discussion:
6.2.2.1 Hydrophilic materials in biological samples
Two types of hydrophilic materials, type A and type B, cut in cylindrical shape, were used for this 
experiment where the hydration behaviour was studied. Type A is a HEMATVP of EWC=38% 
while type B is an MMAAT of EWC=75%.
Figures 40 & 41 show, for the two sets of samples, the gradual increase in hydration (amount of 
liquid in the structure/total weight of the sample) with time over the 97-hour period of immersion in 
defibrinated horse blood and serum.
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Figure 40  V olum etric ch an ges o f  all sa m p les (Ai and Bi) vs. t im e  o f im m ersion  in b lood .
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Figure 41  vo lu m etric  ch a n g es o f  all sa m p les (A; and B2 ) vs. t im e  o f im m ersion  in seru m .
The hydration process of all of the hydrophilic samples started immediately after the immersion in 
blood or serum and continued during the 97-hour period of immersion. However, none of the 
samples reached saturation within the five days of measurements. The maximum liquid uptake 
measured for type A samples was 29.92 ± 0.01% for A] and 32.15 69 ± 0.01% for A]. For type B 
samples the relative values were 68.69 ± 0.01% for Bi and 69.47% ± 0.01% for B2 (the formula 
used for the calculation of errors can be found in (Appendix C). For both types of the materials, the 
maximum liquid uptake was slightly higher in the case of serum, that is, -2% higher for type A and 
-1% for type B.
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The absorption rate curves for all of the samples are shown in Figure 42. Here, the total weight of 
the materials is plotted against time.
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Figure 42  The to ta l w e ig h t o f  th e  sam p les versu s tim e
150
The curves have an inverted exponential-like behaviour showing sharp increases (fast absorption 
rate) in the first part of the curve. Progressively, towards the end of the curves, the diffusion of 
liquid into the samples tends to slow down (slow uptake rate). The absorption rate for the first four 
measurements is shown in Figures 43 and 44:
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AI and BI in blood
♦  Hydrophilic AI 
■  Hydrophilic BI
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Time (h)
Figure 43  th e  absorp tion  m ea su rem en ts  in sam p le  A^and Bi in b lood
A, and B. in serum
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Figure 4 4  th e  ab sorption  m ea su rem en ts in sam p le  A ;a n d  B; in b lood
The slopes of the curves indicate a higher absorption rate for type B samples compared to type A 
samples, for both cases of blood and serum. Specifically, the absorption rate of Bi was 
approximately three times higher than that of sample Ai during the first day of immersion in blood. 
The absorption rate of B] was approximately four times higher than A] during the first day of 
immersion in serum. Samples Bi and B] were expected to have higher absorption rates due to the 
increased ratio of hydrophilic to hydrophobic monomers (4 parts VP: 1 part MM A).
Figures 45 and 46 show the diffusion rates for the two sets of hydrogels. The rate of
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diffusion of water from blood or serum (compartment 1 ) into the hydrophilic material (compartment 
2) is proportional to the difference in concentration of water between the two compartments. In 
short intervals of time, the first degree differential of the equation of the absorption rate dw/dt gives 
the diffusion rate.
A in blood vs serum
0.016 - 
0.014 É ♦  Al i n  blood y = -0.0002x + 0.0137  
■  A2 in serum y = -0.0002x + 0.0135
0.006 ^
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20 40
Time (h)
80
Figure 45 The d iffusion  rates for sam p le  A in serum .
B in blood vs. serum
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0.05 i ■  B2 in serum y = -O.OOOSx + 0.0556
0.04
0.02
0.01
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Figure 46  The d iffusion  rates for sam p le  B in serum .
As seen, for all of the samples the diffusion rate is higher in the beginning and decreases as the 
hydrogels reach equilibrium. For type A samples, the diffusion is slightly higher in serum rather 
than in blood while for type B, the higher diffusion in serum is more evident. For type A samples, 
the diffusion coefficients were found 0.018 g/h in blood and 0.019 g/h in serum while for type B
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samples, the diffusion coefficients were found 0.055 g/h in blood and 0.061 g/h in serum (Appendix 
C).
After the first hour of immersion in blood, samples Ai and Bi got stuck to the bottom of the beakers 
making it difficult to be removed and perform measurements. A thick sticky coating of red blood 
cells was formed on the surface of the samples and could not be removed until the 2 1 st hour of 
immersion. No coating of RBCs was formed after that point. The formation of the RBCs coating 
induced errors in the first two measurements after the immersion. For A2  and B2 , after the first hour 
of immersion in serum, they seemed to be become attached quite strongly on the bottom of the 
beakers. In addition, a sticky overlay of serum was formed on the samples’ surfaces due to the 
build-up of higher molecular weight material. In both cases of blood and serum the above 
observations were more evident with type B samples (MMA/VP) and which had resulted from the 
powerful hydraulic forces with which hydrophilic sites within the structure attract water molecules 
(suction potential). As the hydrophilic samples swell more space is created within their structure 
and more water (free water) diffuses into the material (increased suction potential). Thus, in the 
absence of water molecules (contact area with the bottom of the beaker) the samples got stuck. 
Except from temperature, pH and salinity another important factor that probably affected absorption 
was the pad of material formed around a sample. This is probably what slowed the hydration in the 
case of blood for both types of hydrogels.
During the first day of immersion (day 1) of Ai and Bi in blood, the RBCs gradually sunk to the 
bottom. However, this happened more quickly in the case of Bi. It is probable that hydrogels 
absorbed water contained in RBCs which, being de-hydrated sunk more easily. The higher suction 
potential of Bi could be the explanation for this observation. During the last day of immersion (day 
5) the blood in the beaker containing sample Ai was very dark in colour and it was no longer 
separated as on day 1. On the other hand, the blood in the beaker containing Bi was still separated 
having a bright red colour. This indicates that the different chemical compounds that diffused from 
hydrogels into blood induced observable changes in the chemical composition in both situations.
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Sample Ai, after the 97-hour period of immersion in blood had a slight red colour. This suggests 
that RBCs were ruptured allowing haemoglobin to penetrate into the material. Rupture of RBCs 
could be caused due to difftision of chemicals out of the samples that affected blood. All the 
measurements can be found in Appendix C while photographs of equipment and samples can be 
found in Appendix B.
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6.2.22 Measurements of dimension changes and light transmission
During the hydration process, the samples progressively swelled and became softer (plasticized). 
The changes in thickness, maximum and minimum diameters as well as the amount of light that 
comes out of one surface (bottom) when a 0.89mW laser beam was applied vertically on the other 
surface (top) were measured and are shown in Tables 12-17;
Table 12 Sam ple A I
Time(h) | Max. diameter(mm) | Min.diameter(mm} | Thickness(mm) | Light(mw)
(iO.Olmm)
17.62
17.53
17.60
18.12
18.63
19.08
19.21
19.38
19.87
(iO.Olmm)
15.59
16.75
17.04
17.17 
17.73
18.18 
18.28 
18.39 
18.63
(iO.Olmm)
4.82
5.00
5.02
5.04
5.05 
5.15
5.19
5.19
5.20
(iO.Olmm)
0.32
0.56
0.61
0.55
0.61
0.61
0.60
0.61
0.62
Table 13 Sam ple BI
iTInffTCT Max. diameter(mm) | Min.diameter(mm) | Thickness(mm) Light(mw)
(iO.Olmm)
13.90
14.63
15.21
16.03
18.03
19.35
20.54
20.66
(iO.Olmm)
13.33 
13.87 
14.83 
15.55
17.33 
18.94
19.34 
19.98 
21.10
(iO.Olmm)
5.54
6.34 
6.82 
7.32 
6.97
7.34 
7.46 
7.56 
7.85
(iO.Olmm)
0.34
0.37
0.48
0.29
0.53
0.61
0.69
0.73
0.70
Table 14  Sam ple A2
Tlme(h) I Max.diameter(mm) | Min.diameter(mm) | Thickness(mm) I Light(mw)
(iO.Olmm) (iO.Olmm) (iO.Olmm)
16.85 4.85 0.49
16.97 5.07 0.50
19.97 5.13 0.48
17.04 5.39 0.59
17.53 5.14 0.49
17.78 5.18 0.54
18.13 5.31 0.56
18.50 5.33 0.52
18.59 5.39 0.59
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Table 15 Sam ple B2
(iO.Olmm) (iO.Olmm) (iO.Olmm) (iO.Olmm)
14.30 13.56 5.20 0.47
E B H 14.82 14.11 5.89 0.53
E H H 16.29 15.27 6.54 0.59
17.76 16.97 6.70 0.70
19.36 19.05 623 0 . 6 6
2 0 ^ 2 19.98 &96 0.65
2129 2 0 . 6 6 725 0 . 6 8
21.54 2 0 . 8 6 722 0.72
2T32 20.64 7.35 0.67
The samples did not reach saturation, thus, the dimensions were generally smaller than the expected 
ones in the saturation state. Figures 47 and 48 show the general increase in the amount of laser light 
that passes through the samples with time of exposure to laser light.
Sample AI
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0.7 4
f  I
0.6  -
§  0.5 4
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50 100
Time (h)
150
sample BI
Time (h)
Figure 47  The a m ou n t o f gen era tio n  light th a t p a sses  through  th e  sa m p les (A  ^ and Bi) v ersu s tim e.
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Figure 48  The a m ou n t o f  g en era tio n  light th a t p a sses  through  th e  sa m p les (A; and B;) versu s tim e
As hydrogels expand, free water enters into the structure and the refractive index increases 
explaining the general increase in the amount of laser light that passes through the samples. The 
increase was more evident in samples Bi and B]. Some of the measurements were carried out 
during the night time and the artificial lighting seemed to affect the measurements even though the 
background light was subtracted each time.
6.2.3CONCLUSION
The hydration behaviour in the defibrinated horse blood and serum, of two types of hydrophilic 
materials, and potential candidates for the construction of radiation phantoms, was investigated. 
None of the four samples reached saturation within the 97 hours of immersion, thus, there is not a 
clear picture of the maximum EWC that could be reached if the immersion was extended. The 
maximum uptake for type A (EWC=38%) hydrophilic material was 29.92 ± 0.01% and 32.15 ± 
0.01% after immersion in blood and serum respectively. For type B (EWC=75%) hydrophilic 
material, the maximum liquid uptake was 68.69 ± 0.01% and 69.47 ± 0.01% for blood and serum, 
respectively.
The results suggest that the hydration rate is generally higher in serum. The hydration rates for 
blood and serum were quite similar for sample A, which had an equilibrium water content of 38%;
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the diffusion coefficients were found to be 0.018 g/h in blood and 0.019 g/h in serum. For sample B, 
which had an equilibrium content of 75%, the hydration rate was different for blood and serum; the 
difftision coefficients were found 0.055 g/h in blood and 0.061 g/h in serum. The coating of RBCs 
that was formed on the surface when the samples were immersed in blood probably acted as a 
barrier to the absorption of water molecules into the hydrophilic structure and slowed-down the 
hydration process. RBCs cannot penetrate the hydrophilic materials due to their large molecular 
size. However, the slight red colour of sample A suggests that RBCs were ruptured allowing 
haemoglobin to penetrate into the material. Rupture of RBCs could be caused by the difftision of 
chemicals out of the samples that affected blood. Additional pH measurements should be carried 
out in future experiments in order to evaluate any changes in the chemical composition of the 
liquids used for the hydration of hydrogels.
The work presented in this chapter has only been concerned with a few aspects of the field that aims 
to investigate the 3y/2y yield in hypoxic, normoxic and hyperoxic conditions in tissues for future 
application in oncology. Future experimental work should be carried out to determine how the 
oxygenation levels could be maintained and controlled without variation in the samples studied. In 
addition, very important further steps would be (a) the injection of a positron emitter (e.g. F) into 
those samples and the investigation of 3y yield and (b) the use of such samples for the hydration of 
hydrophilic phantoms where the prospects of 3y imaging would be explored.
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6.3 Determination of linear attenuation coefficient and mass attenuation 
coefficient of hydrophilic material.
The elemental composition, mass densities and radiation absorption and scattering properties for the 
type and energy of radiation should be known for the tissue equivalent material to be used as a 
phantom to represent a hypoxic tumour.
The purpose of this study was to investigate the potential use of hydrophilic materials as in vitro 
hypoxic phantoms to quantify tumour hypoxia in positron emission tomography. A series of 
experiments was carried out for different types of hydrophilic material of different thickness, 
density, and oxygen concentrations, in order to study the effect of orthopositronium formation. In 
addition, the linear attenuation coefficient and the mass attenuation coefficient of the hydrophilic 
material was determined , in order to compare it with the photon attenuation and scattering 
responses of human soft tissues and optimise the thickness of sample to be scanned for a minimum 
counting time. The transmission and scattering behaviour of the hydrophilic material when gamma- 
rays pass through matter were also studied.
6.3.1Materials and Methods:
4 different types of hydrophilic material given the code A3, B3, C3 , and D3, were cut into different 
rods and cylindrical thicknesses (Fig. 49) were irradiated by gamma-rays emitted from a ^^Na source 
and the spectrum was acquired for 1800s for each sample. Broad beam geometry was used, as the 
narrow beam geometry requirements are difficult to maintain in practice; any may a radiation 
source in the patient is un-collimated. The transmitted and the scattered beams travel along different 
paths.
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Table 16 The composition, molecular formula and preparation method of the hydrophilic materials
Molecular 
e formula
Preparation
QHioOs
CsHgOi+CôHgNO Gamma-irradiated 
to polymerise 
CsHgOa+CôHçNO Gamma-initiated 
and polymerised 
C5 H8O2 +C6 H9NO Chemically 
initiated
Linear expansion 
in water
1.12
1.62
1.38
1.37
60%
57%
compositi
on
MAA
M AA+VP
MAA+VP
MAA-kVP
Table 17 D im en sion s and w e ig h t o f  th e  hydrophilic m aterial
Hydrophilic
material
4.8 16.4 1 . 3
5.8 12.1 1 . 0 0
4.4 12.8 ! 0.9
2.3 13.0 0.7
4.8 16.4 1 1.3
4.3 12.1 0.9
4.4 1Z8 0.7
6.3 13.0 0.7
19.5 13^ 3.3
47.9 13.6 11.3
61.3 13.4 11.4
64 13.5 8.5
54.4 13.8 10.3
90.9 13.6 15.7
95.4 13.4 16.2
78.1 13.5 13.3
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Figure 49  D ifferent ty p e s , sh a p es  and sizes o f  th e  hydrophilic m ateria ls
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6.3.2ResuIts and Discussion:
Linear attenuation coefficient:
By measuring the un-collimated incident photons (Iq) and the intensity (I) of the photons after 
passing through samples with thickness(x), the linear attenuation coefficient of the hydrophilic 
material was measured. A linear relationship was established by drawing a graph of In(Io/I) versus 
thickness (x). The slope of the linear fit equation represents the value of the linear attenuation 
coefficient. The atomic number of the sample is an important parameter that affects the interaction 
and transmission of photons through attenuating material. The attenuation coefficient of the 
hydrophilic material was found to depend on the density of the scattering material. By increasing 
the thickness of the hydrophilic materials, the amount of scattering was increased. The scattering 
effect can be minimized by reducing the size of the sensitive volume and that can be achieved by 
the set-up geometry and the sample thickness. The photon interaction processes in the medium 
depend on the type of radiation used, the radiation energies, and the composition of the material 
(atomic number and mass density)
s
1
1
2 B O
933
B
8
7
6
y = -0.0356X + 7.2702
5
4
3
2
1
0
40 60 80 1000 20 120
Thickness (mm)
Figure 50 The a tten u a tio n  co effic ien t versu s th ickn ess a t 511  keV en ergy
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Table 18 The linear a tten u a tio n  co effic ien t a t 511 keV o f  d ifferen t ty p e s  and th ickn ess o f  hydrophilic m ateria ls
4.78 20.9 19.5 2.97 0.01 0.31
4.33 20.9 19.6 2.97 0.01 0.21
4.4 20L9 19.2 2.95 0.02 0.64
6.28 20^ 19.1 2.94 0.01 0.47
19.5 1269.9 1011.6 6.91 0.01 0.35
47.9 324.7 149.7 5.00 0.01 0.24
61.3 230.1 121.6 4.80 0.01 0.30
64 405.2 239.4 5.47 0.01 0.43
54.37 344.1 189.9 5.24 0.01 0.31
90.9 146.4 61.4 4.11 0.01 0.33
95.35 134.2 51.9 3.95 0.01 0.33
78.14 179.8 86.8 4.46 0.01 0.33
Table 19 The linear a tten u a tio n  co effic ien t at 1 274  keV o f  d ifferen t ty p e s  and th ickn ess o f  hydrophilic m ateria ls
E 19.5 1270 1012 6.9 0.01 0.35
B 47.9 230.1 149.7 5.0 0.01 0.24
G 61.3 230.1 121.5 4.8 0.01 0.60
E 64 405.1 239.3 5.4 0.01 0.43
E 54.37 53.3 33.3 3.5 0.01 0.31
B 90.9 21.4 11.6 2.4 0.01 0.33
Q 95.35 22.8 11.6 2.4 0.01 0.33
B 78.14 30.7 18.5 2.9 0.01 0.33
The object of the study was to measure the linear attenuation coefficients and mass attenuation 
coefficient of hydrophilic materials with the aim of investigating their suitability as tissue 
equivalent materials. The measurement of linear attenuation coefficient depends on the ratio of 
incident and transmitted intensities. It is therefore important that the sample material is of sufficient 
thickness to cause a change between the incident and transmitted intensity that can be accurately 
measured. It was found that attenuation coefficients are different from sample to another according 
to the thicknesses. Also, this could be as a result of how strong is the cross-linking between the 
copolymer molecules. The linear attenuation coefficients are almost similar due to almost similarity
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in the composition. The mass attenuation coefficient of hydrophilic material is very close to the 
mass attenuation coefficient of breast tissue in human body [115].
s
1oo
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Hydrophilic material type
Figure 51 th e  linear a tten u a tio n  co eff ic ie n t for th e  four hydrophilic m ateria ls at 511  keV.
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Figure 52 th e  a tten u a tio n  co effic ien t versus th ickn ess at 1 2 7 4 .5  keV
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6.3.3Conclusion:
The hydrophilic materials type A5 and B5 show the highest attenuation coefficient. Therefore, we 
suggested using these two types in the 3y/2y relative yield gamma ray experiment. The 
measurement of the linear attenuation coefficient of the hydrophilic materials at the positron energy 
of 511 keV was more accurate as it was less penetrating. The mass attenuation coefficient of 
hydrophilic material is very close to the mass attenuation coefficient of breast tissue in human body. 
The elemental composition and the density of a material govern its radiation interaction properties. 
Thus the hydrophilic material can be easily manufactured in a volume of up to 1570 cm  ^with very 
minimum possibility of creating bubbles in their structure.
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6.3.4 Determination of the depth of a radionuclide source in tissue equivalent phantom by 
using peak-to-scatter ratio
Scattered photons are generally considered a problem in accurately locating the position of a source 
in a patient and increase unnecessarily dose to tissues whether in radiotherapy or nuclear medicine. 
However, they can be useful in extracting information about the depth of a source in imaging and 
tomography. Depth measurement by using scatter-to-peak ratio techniques was first studied by 
McNeill and Mohindra in 1964 , who examined the changes in resolution and the ratio of the 
‘valley-to-peak’ counts with source depth and gamma-ray energy, when applied to internal 
contamination of humans with unknown isotopes[102] . The amount of material or shielding 
between the gamma ray source and the detector causes Compton scattering of different magnitudes 
at different scattering angles. Walford in 1972 presented a simple expression using small angle 
scattering which, due to the then recent availability of high resolution Ge (Li) detectors, became 
more accurate. It was assumed that the solid angle subtended by the scattering energy window was 
small and comparable with that of the full energy window.
d s  =  I f l c d x  36
Where I is source intensity at dx and pc is the Compton Scattering attenuation coefficient.
A simple point source formula for scatter-to-peak ratio (SPR) was derived by Kacperek [103]
S P R  =  f l e d  37
It was also assumed here that the full and scattered energies were similar and the background count
underlying each was considered negligible. The solid angle subtended by the detector’s full energy
photopeak window and the solid angle subtended by the scattering window could also be assumed
to be the same. The linear relationship remains true for thin area sources with some modification to
the solid angle subtended by the scattering window.
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6.3.1Material and method:
Four samples of hydrophilic materials, cut into cylindrical shape were used in this experiment as 
attenuating tissue equivalent materials (Table 17). A calibrated ^^Na (20 kBq) point source 
encapsulated in a plastie plate made of polyvinyl chloride (2.5 mm) was used. A single LaBrg: Ce 
(5%) scintillator detector (Saint-Gobain) of 25.0mm diameter and 25.0mm length was plaeed 
vertically above the souree at a fixed distance of 10 cm. The samples were placed between detector 
and source one at a time and in combination. The detector and source used were un collimated (the 
souree cannot be collimated inside the body in the clinical case!).
All experiments were carried out for 600s counting time. From the ^^Na speetrum, the scatter 
energy window was selected between the photo peak area at 511 keV and the Compton edge. The 
seattering angle windows were selected between 25° and 50° (467 to 376 keV) at 5° intervals. The 
depth of the source was determined by measuring the change of the scatter-to-peak ratio (SPR) by 
adding hydrophilic material one by one, using the ^^Na full energy peak 51 IkeV.
E ; 
o  I
Figure 53 th e  exp erim en ta l se t-u p
La Bn
Na22 sou rce
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Experimentally, the SPR was calculated [Table 20], by using [103]:
SPR(Ratio)  = ^S- 38
Where, Sm = Scattered counts with the material in the chosen energy window. Sa = Scatter counts in 
air in the same scattering energy window, ?c = full energy photo peak count with background 
subtracted.
n  Photopeak 
4  ' Area
Compton
Edge
Scatter
Energy
Window
Q-
Bockground
Continuum\ —
r-ray Energy
Figure 54  Sketch o f spectrum  for sc a tter-to - p h o to  peak  ratio m ea su rem en t.
The fitting error, at a fixed depth, is approximately the same as the standard deviation of the 
experimental data. The scatter-to-peak ratio (SPR) error was calculated by equation 41:
SPR{dev ia t ion)  «  ±  +  ( y ) 39
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6.3.2 Results and Discussion:
Figure 55 represents the variation of the SPR formula for several scattering angles, at 5° intervals, 
selected energy windows in the ^^Na spectrum. It shows the decreasing linearity of the scatter to 
peak ratio formula; with increasing scatter angle.
* — 35-40(433-414keV)30-35(450-433keV) Tà— 40-45(414-395keV)
0 .014  -1
0.012 -
0.01 -
0 .008  -
GO 0 .006  -
0 .004  -
0.002  -
Thickness (mm)
Figure 55 sh o w s th e  variation  o f  sca tter  to  peak  ratio w ith  th ick n ess for d ifferen t sca tter  an gle w in d o w s
Figure 56 illustrates the variation of the experimental Ki factor with scattering angle. Ki, the slope 
of the SPR formula, was obtained by least squares fitting. The most sensitive scattering angle 
window is at (35°-40°) for the scatter-to-peak ratio with depth. This variation may be interpreted as 
a combination of several factors; in particular as the differential Compton scattering cross-section is 
greatest at approximately 35° and the efficiency has the effect of increasing Ri-values at lower 
scattering energies.
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O.OD1
D.OD04
40-4530-35
Scatter An^e
Figure 56 The variation of th e  exp erim en ta l K| factor w ith  sca tter in g  angle sh ow in g  th e  m ost se n sitiv e  sca tter in g  an gle w in d o w  
(35-40) w ith  d ep th .
It is shown in Figure 57 that with a fixed source-detector distance there is initial increase in 
scattered counts with attenuation depth, which attain a maximum and then decrease. Figure 58 
shows the variation of SPR when hydrophilic materials of varying thicknesses are combined for 
selected scattering angles between (30° to 45°) at 5° intervals. It can be seen that after a finite 
thickness of hydrophilic material the ratio of the number of photons absorbed to the number 
scattered becomes almost constant and no further information can be extracted from the results of 
SPR versus thickness or depth of the source. Therefore, the method in this configuration is sensitive 
to thin layers of soft tissue equivalent materials.
Table 20  The S catter-to-p eak  ratio m ea su rem en t, Areal D ensity, and M ass D ensity  for d ifferen t co m b in a tio n s o f  hydrophilic  
m ateria l. Scatter w in d o w  (35°-40°)
Hydrophilic
Samples
Thickness
(mm) S/P Ratio Areal Density(g/cm^)
Mass
Density
(g/cm^)
Ai 4.77 0.0075±0.000464 &595 1.249
Ai+Bi 13.89 0.0120±0.000607 0.668 1.356
Ai+Bi+Ci 27A 0.0120±0.00062 0.711 1.411
Ai+Bi+Ci+Di 47.19 0.0122±0.000642 0.714 1.54
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Figure 57 The variation  o f  sca tter  cou n ts w ith  th ickn ess (m m )
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Figure 58 The variation o f  sca tter  to  peak  ratio w ith  th ickn ess.
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350.400(432-414 keV)
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0.012  -
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Figure 59 The variation o f sca tter  to  peak  ratio w ith  th e  areal d en sity  (g /m m 2 ) o f th e  hydrophilic m ateria l.
35M0°(433-414keV)
Mass Density(g/cm^)
Figure 60 The variation o f sca tter  to  peak  ratio w ith  th e  m ass d en sity  o f  th e  hydrophilic m ateria l for a se le c te d  sca tter in g  
w in d o w .
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6.3.3ConcIusion:
It may be possible that the combination of the scatter-to-peak ratio method for determining the 
depth of a positron-emitting radionuclide source in combination with measurement of the relative 
ratio of 3-to-2 photon annihilations may suggest a new technique which can locate hypoxic tumours 
without the necessity of further tomography by using the information in the photon annihilation 
spectra recorded.
I l l
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Chapter 7: The relative yield of 3y/2y photon annihilation using LaBrg: 
Ce(5%) detector
In this chapter the background of the main method that was used in the previous work for the 3 
photon annihilation is discussed .The triple coincidence imaging technique is explored. The relative 
yield of 3y-to-2y photon annihilation measurements; by using hydrophilic materials as tissue 
equivalent phantom and by applying the Peak-to-peak method, are presented.
7.1 Methods of 3 photon annihilation measurements
7.1.1 Triple coincidence imaging techniques
The measurement of three gamma electron-positron annihilation is a valuable tool to be detected, 
although they are rare. The information increases when the decay photons are detected compared to 
the case of two 511keV annihilation photons. This is due to the easy localization of the point at 
which the 3-photon annihilation occur with one measurement but also most importantly the Ps can 
be an indicator of the medium in which annihilation has taken place.
The accurate measurement of three-gamma annihilation by a simple triple coincidence technique 
was studied [104]. The results from the triple coincidence technique were good compared to other 
techniques but have the main problem of eliminating multiple coincidence events due to the 
accidental coincidences registered with the system of measurement. Raising one of the detectors out 
of the plane while keeping the other two within the plane was the method used to correct any 
random events. It was not perfect due to the same systemic errors; it introduced larger statistical 
noise and error because of three detector mis-positioning. On the other hand, a high-energy 
resolution and a high detection efficiency detector should be used and good energy discrimination 
will cut out the detector’s cross-talking noise (peaks 187 keV, 225 keV). Fast pulse processing units 
such as fast differential discriminators and smaller coincidence resolving time should be used to 
improve this technique
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7.1.2 Relative yield measurement
The relative yields of the three-photon positron annihilation measurements is one of the methods 
that was used to study the formation and quenching process of positronium that affect the yield rate 
of the three photon annihilation. Peak-to peak and peak-to-valley methods have been used to 
measure three photon positron annihilation in magnesium oxide, Teflon and Porous material silica 
aerogel, using a single detector [105].
Peak-to-peak method
This method measures the full energy photopeak area of the 511keV gamma peak obtained with the 
sample and the same for the reference material. Aluminium was used as a reference material 
because in the presence of free electrons positronium cannot form. The ^^Na source used had a 
positron yield of 90.4% as well as gamma-ray energy at 1274 keV, with a relative intensity of 
99.9% which was emitted almost simultaneously [32]. The number of photons detected in the full 
energy photo peak area of the 1274 keV peak does not depend on the formation of positronium. The 
spectrum is therefore normalized in order to have the same full-energy photopeak area for the 1274 
kev peak for both the sample and the reference material. The relative yield of 3/2 y annihilation in 
the sample is [43]
r e fYSy V V 511s--
—  =   -----------------     40Y2y #511s
Where
Rref counts in the 511 keV full energy photo peak areas obtained in the reference material 
Rsam —^ counts in the 511 keV full energy photo peak area obtained in the sample
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The positron source used (in sandwich form) is ^^Na with a decay scheme as shown in Fig.61
22 Na (2.603 year)
E lectron  c a p t u r e /  
(9.7% ) /
rX90.2%)
1r
Figure 51 The d ecay  sc h e m e  o f Na [106]
In the experimental part of my thesis, the peak -to-peak method was applied to measure the relative 
yield of 3y/2y positron annihilation in different types of hydrophilic materials (tissue equivalent 
material) that may represent hypoxic tumours.
Peak-to-valley method
This method determines the three-gamma yield by comparing the counts of the 511keV peak and 
the ‘valley’ region before the peak for both spectra. It is based on the principle that three gamma 
events cause the shift of counts from the full energy photo peak at 511 keV to lower energies. Thus 
the relative yields of the three photon positron annihilation to two photon positron annihilation is 
obtained by measuring the ratio of the counts of gamma rays in the spectrum lower than 511 keV 
(valley region) emitted from three photon positron annihilation to the counts in the full-energy 
photo peak area at the 511 keV gamma peak [43]. Three-gamma emissions are less energetic due to 
the sharing of the initial energy by three photon instead of two photon. The reduced counts in the 
full-energy photopeak therefore, reflects a change in competition between two-annihilation and 
three-annihilation events [105, 107] .
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Then the relative yields of 3-to-2 annihilation photons can be calculated by the counts in the valley 
to the photopeak [108]:
Y3y _  ( R y -k lp )
Y2y PRp
Where,
Ry—> total counts in the selected valley region
Rp—> total counts o f the 511 keV peak from 2 photon annihilation
p —>ratio o f the triple to double coincident detector efficiency (e3/s2)
Kip— correction o f the counts transferred from the peak region due to incomplete charge collection o f the detector. 
Where, coefficient K can be obtained by measuring the reference aluminium sample.
Due to the presence of Compton background at low energies, in the 0-340 keV region, part of the 
valley region is generally chosen to be between the Compton edge and the 511keV. This part is 
corrected by the factor ^ to derive the total 3 photon counts for the whole theoretical 3 photon 
annihilation predictions of the continuous spectrum of the gamma-rays from ortho-positronium 3- 
gamma decay [109]
The following equation can be used to calculate the correction factor ^ , [32, 110] :
P _  1  r k ( m e - k )  2 m e ( m e - k ) ^  .  m ç - k  2 n i e - k  2 n i e ( m e - k )  .  n i e - k  
3 L (2 m e -k )2  ( 2 m e - k )^  ^  k  k^ ^  me
Where
K ->gamma ray energy, mg-^rest mass o f the electron
The main source of errors in this method is that, in this region [0-511] the Compton background is 
present, so it is difficult to extract then three-photon positron annihilation information correctly 
[111]. Usually part of the spectrum 400-500 keV, depends on the resolution of the detector. It is 
selected as the counts of the valley region and corrected by a correction factor to derive the total 3 
photon annihilation counts for the whole theoretical spectrum of three photon annihilation.
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Figure 62 A nnihilation and R eferen ce peaks are ind icated  in sp ectru m  o f  ^^Na
Previous researchers proved that peak-to-peak method is more accurate and convenient than the 
peak-to-valley method, which only counts the 511 keV peak regions that is required without a need 
for correction of the absolute efficiencies of the detector. Also, the errors due to the inaccuracy of 
subtraction of background in the valley region are avoided here [112] . They have recommended 
that further analysis of the errors for both methods should be calculated by taking into account the 
various factors in the experiments, such as the geometry of the different samples [112]. Therefore, 
in my work the relative yield of 3-to-2photon annihilation photons was studied for different 
geometries using different source to detector distance.
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7.2 Experimental work: The relative yield of 3y/2y photon annihilation 
measurements using LaBrs: Ce(5%) detector
7.2.1 Martial and method:
Single LaBrs ; Ce(5%) detector was used to apply the peak-to-peak method. Different hydrophilic 
materials with different oxygen concentration were used as samples. Aluminium foils of varies 
thickness (0.5, 2.00, and 3.00 mm) were used as reference materials because positronium cannot 
form in metals and the probability of three gamma events is known, not to exceed that for free 
annihilation, typically quoted as 1/372. The ^^Na positron emitter source (511 keV positrons and 
1274 keV gamma-rays emitted almost simultaneously) was used in sandwich form. It was used 
because it is calibrated positron emitter and has a long half-life (2.6 years). It is efficient to use as it 
does not affect the series of the experiments which take days to complete at a time. There are two 
arrangements of the sandwiches that were used in the experiment. In the first the sample was placed 
between the aluminium foil and the ^^Na source and in the second arrangement the aluminium foil 
was placed between the sample and the ^^Na source as shown in figure 63.The sandwich was placed 
in a holder at 15 cm from the detector face to obtain statistically significant counts in the full energy 
photopeak area while reducing the effect of the summation peak. The spectrum was acquired for 
600s. Counting was repeated at different source-to-detector distances (5, 10, and 20 cm).
sample 
Aluminium — ^ 
"Na source
Aluminium
sample 
-^Na source
Figure 63 A rrangem ents o f th e  san d w ich es th a t w ere  u sed  in th e  exp er im en t
In my work I preferred to use the peak-to-peak method instead of the peak-to-valley method as it is
more reliable For the peak-to-valley method, the best starting and end point of the valley region
should be found because different regions will give different results (as discussed in previous
section).Furthermore, a number of previous workers showed that worst results of the three photon
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ratio with larger errors by using the peak to-valley method. They concluded that the precision of the 
peak-to-peak method depends only on the counts in the peak region and the precision can be 
improved by increasing the counting time. The results of the peak-to-peak method do not depend on 
the valley region where the counts are relatively low, and are not related to the correction factor Ç 
and p values in equ 41 and 42. In the peak-to-valley method these factors cause errors, therefore the 
possible improvement of the precision is limited even if the time of measurement is increased. Thus 
the experimental precision of the peak-to-peak method is certainly better than the peak-to-valley 
method. However, the peak-to-peak method cannot be used as only the annihilation peak is 
assailable for detection; therefore, the peak-to-peak method in these cases cannot be clinically 
applied.
The peak-to-peak method was applied by measuring the full energy photopeak area of the 511 keV 
gamma-peak obtained in the different types of sample and the same for the reference material; 
different thickness and densities were used as references materials. The number of photons detected 
in the full energy photo peak area of the 1274 keV peak does not depend on the formation of 
positronium. The relative yield of 3y/2y photon annihilation was calculated by using equ.40. 
Moreover, the effect of position of the detectors relative to the point source in the spectrum on 
three-photon positron annihilation events was studied by placing the LaBrs :Ce(5%) detector at 
several source-to-detector distances: 5, 10, 15, and 20cm.
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7.2.2ResuIts and discussion:
1 Different thickness and oxygen concentration of hydrophilic materials
Table 21 shows the result of relative 3y/2y value for the different thicknesses and types of 
hydrophilic samples (A, B, C, and D). It is clear from Figure 64 that the 3y/2y value of the 
hydrophilic Ai sample shows the highest ratio whereas hydrophilic sample Ci has the lowest ratio 
and hydrophilic samples B and D are in between. Hydrophilic A has the lowest water uptake 38%, 
whereas hydrophilic B has the highest water uptake 75%. The water uptake for hydrophilic C and 
hydrophilic D is 60% and 57% respectively. Although the four hydrophilic samples are dry, they 
may have absorbed water from the humidity in the environment by up to 5%, so they may not be 
completely dry. As a result the level of oxygen increases as the percentage of water uptake 
increases, so as stated before the relative 3y/2y yield is high in the hypoxic material and low in the 
material with high levels of oxygen. As mentioned in chapter 6, the hydrophilic materials as 
polymers have high probability to form positronium which increases the probability of three gamma 
photon annihilation. As shown in Figure 70 the highest relative yield of 3y/2y photon annihilation 
was obtained with hydrophilic samples Ai and Di which a low percentage concentration of water 
uptake 38% and 57% respectively. It was concluded that oxygen transmissibility, free water 
content and free-to-bound water ratio are increased when the water content of hydrophilic material 
is increased.
Table 21  The relative y ield  o f 3 y /2 y  p h oton  ann ih ilation  m ea su rem en ts  by using p ea k -to -p ea k  m eth o d
38% 5.25 0.9±0.5xl0'^
75% 4.25 0.2±0.1xl0'^
60% 4.26 O.liO.lxlO'^
57% 6.35 0.7±0.3xl0‘^
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Hydrophilic materials
Figure 64 The rela tive yield  o f  3 y /2 y  p h oton  ann ihilation  m e a su rem en ts  for d ifferen t sam p le  (apply p ea k -to -p ea k  m eth o d )
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2 Using different thickness of aluminium as reference material:
Aluminium is rich in electrons (high electron density); therefore, using different aluminium 
thicknesses as reference materials would affect the measured 3y/2y relative yield. The total 
stopping power for electrons and positrons depend on the atomic number (Z) of the absorber; and is 
an effective tool for understanding their interaction mechanism with matter.
The maximum range, i?max, (material independent) of a beta particle can be computed from an 
empirical formula [113] :
^,1.265-0.0954 In (Eb)
kmax[g/cm^] = f(x) = ,
( 0.530 Eb - 0.106 Eg > 2.5MeV
21 _  _  I0.412E3 —  0.01 < Eb < 2.5MeV
43
Ep is the maximum beta energy in MeV. The ability to stop betas depends primarily on the number
of electrons in the absorber {i.e., the areal density, which is the number of electrons per cm^).
Hence, the range when expressed as a density thickness (g/cm2) of the material gives a generic
quantifier by which various absorbers can be compared. With the maximum range known, the
actual shielding thickness required can be obtained as follows:
R
t  =  -  44
P
Where p represents the material density. Such an approach can be used to produce energy-range 
curves. A useful rule of thumb is that the range of a beta particle in g/cm2 is approximately half its 
energy in MeV. Beta particles from natural radionuclides are easily stopped by a thin sheet of metal 
or glass. Often, aluminium is used to shield against protons and electrons. For example. Figure 65 
show that 2 mm of aluminium is sufficient to shield against 1 MeV electrons and 20 MeV protons.
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Figure 65 M ean ranges o f  p rotons and e lec tro n s in alum inium  [114]
In this section, the thickness required to stop the positron in a material was measured for different 
density of aluminium (Table 22), to optimise the thickness of aluminium that we can use it in our 
experiments as reference materials.
Table 22  The th ickn ess o f  alum inium  th a t is n e e d e d  to  ob ta in  p ositron  range
density(mg/cm^) thickness(mm) stop
64.6 0.0026
145 0.0011
192 0.0008
235 0.0007
322 0.0005
427 0.0003
540 0.0003
705 0.0002
890 0.0001
1335 0.0001
1670 0.0001
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Figure 65 The th ickn ess o f  alum inium  th a t is n e e d e d  for positron  range (511  keV)
The relative yield of the 3y/2y photon annihilation was measured by using varying aluminium 
thickness as reference material. In a sample in which positronium is formed with a very low 
probability; this is achieved by using pure aluminium as the reference material. Positrons emitted by 
^^Na have maximum energies around 511 keV where the predominant energy loss mechanism is 
inelastic electron scattering. The positron collides with the electrons losing half its energy with 
every collision. In metals the positrons will thermalize quickly in time less than 10 picoseconds. 
Their lifetime exceeds this time, -lOOpsee, so the positronium will not be formed as the high 
electron density will screen the Coulomb interactions between the positrons and the electrons 
causing the positrons to annihilate directly. Thus since aluminium has a high number of free 
electrons it will result in quenching that reduces the positronium lifetime and formation and the 
probability of the three-photon decay will not exceed 1/372 which is the 3y annihilation for a free 
positron. As the thickness of aluminum increases the relative ratio of 2-to -3 photon annihilations 
will decrease. As shown, in Table23, the highest ratio of 3-to-2 photon annihilations was achieved 
when using the thinnest aluminum foil.
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Table 23  th e  m easu red  resu lts o f  3 y /2 y  p h o to n  ann ih ila tion  by using d ifferen t alum inium  th ick n ess as re feren ce  m ateria l.
A] (hydrophilic sample) B2 (hydrophilic sample)AI
(mm)
0.5mm
2mm
3mm
thickness
0.122±0.011
0.016±0.001
0.007±0.001
0.065±0.00041
0.005±0.00028
0.004±0.00024
T3
13
I
!§■
m
0.14
0.12
Hydrophilic A  
Hydrophilic B
0.1
0.08
0.06
0.04
0.02
Aluminium thickness (mm)
Figure 67 The variation o f  th e  3 y /2 y  relative y ield  w ith  d ifferen t th ick n ess o f alum inium
124
Chapter 7: The relative yield of 3y/2y photon annihilation using LaBrB: Ce(5%) detector
3 Measurement of the relative 3y/2y photon annihilation for different geometry
The effect of position of the detectors relative to the point source in the spectrum in three-photon 
positron annihilation events was studied by positioning the LaBrs: Ce (5%) detector at varying 
distances: 5, 10, 15, and 20cm, respectively.
Table 24 The measured results of 3y/2y photon annihilation by the peak-to-peak method (hydrophilic A as the sample, 
0.5mm AI as reference)
Source-to detector 
distance(cm)
5
10
15
20
Relative yield 3y/2y
Hydrophilic A]
0.15±0.014
0.13±0.012
0.12±0.011
0.08±0.003
Hydrophilic
0.08±0.13
0.06±0.0015
0.02±0.0011
0.01±0.0103
2.5
1.5
(N
0.5
Source-to-detector distance(cm)
Figure 68 The variations o f  th e  3 y /2 y  rela tive yield  w ith  th e  so u r c e -to -d e te c to r  d istan ces.
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7.2.3 Conclusion:
The ratio of 3y to 2y annihilations was studied through a series of experiments. Three photon 
annihilations are important not only because they give an exact position of the annihilation of the 
positronium but also because they can provide valuable information about the oxygenation status of 
the tissues. Thus by studying the yield of 3y/2y we can identify if a tumour is hypoxic since the cells 
will take up less oxygen.
Four types of hydrophilic material (Ai, Bi, Ci, and Di), cut from round rods, were used in the 
experiments as a sample. The highest relative yield of 3y/2y photon annihilation was obtained on 
hydrophilic Ai and Di, they both displayed a low percentage of water uptake 38% and 57% 
respectively. It was concluded that oxygen transmissibility, free water content and free-to-bound 
water ratio are increased when the water content of hydrophilic material is increased. Hydrophilic 
samples B and C made of methyl methacrylate (MAA) which contains 19.02% of oxygen fraction 
by weight and Vinyl Pyrolidone (VP) which has 14.39 % of oxygen fraction by weight. The 
hydrophilic material has high oxygen transmissibility as water uptake is 75 and 60%, respectively. 
On the other hand, hydrophilic materials A and D are made of MMA only which means that they 
have low oxygen levels in comparison to hydrophilic B and C, with low oxygen transmissibility as 
the water uptake is 38% and 57%, respectively.
In the second part of the above experiment, the relative yields of 3y/2y were measured by using 
different thicknesses of aluminium (0.5, 2, and 3 mm) as reference material, to allow the peak-to- 
peak method to be applied. The highest relative yield of 3y/2y photon annihilation was found to be
0.122±0.011, when using the 0.5mm aluminium foil as reference material and sample A2  as a 
sample; it decreased as the thickness of the aluminium increased. As a result, using different 
aluminium thicknesses as reference materials could affect the measured 3y/2y relative yield because 
aluminium is rich in electrons (high electron density).
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One can thus conclude that the sensitive variation in the relative yields of 3y-to-2y measurements is 
due to the different chemical composition of the hydrophilic samples and the thicknesses of the 
reference material. The relative 3y/2y yield is found to be 0.122±0.011 in hydrophilic A] that has 
the lowest amount of water and equally the lowest amount of oxygen as each molecule of water has 
one oxygen atom. Whereas the lowest relative yield is 0.065±0.00041 in hydrophilic B2  that has the 
highest amount of water and equally the highest amount of oxygen. This is because of the increase 
in the quenching processes of triplet positronium into its singlet state when o-Ps collides with atoms 
or molecules in a medium such as oxygen which is known to be a strong o-Ps quencher.
The relative 3y/2y yield was studied for different source- to- detector distances (5, 10, 15, and 20 
cm). The highest relative 3y/2y yield was found to be 0.15±0.014 at 5 cm, and it was found to 
decrease as the source-to- detector distance increased. It is recommended to optimise the source-to- 
detector distance at 5 cm in order to have good counting statistics in minimum time and reduce the 
size of the sensitive volume which has an impact on system accuracy.
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Chapter 8 Conclusion and future work:
Three photon positron annihilation as a new imaging modality can be developed as a non-invasive 
method for detection of tumour hypoxia. Changes in three-annihilation photon yield in matter are 
mainly due to changes in o-Ps quenching. One can predict that as the oxygen has highly quenched 
ortho-positronium (o-Ps), the low oxygen level in hypoxic cells may give higher three-annihilation 
photon yield events than in more oxygenated cells. Therefore if the work is continued in order to 
obtain images of samples with varying oxygen levels, it may be possible that hypoxic (or necrotic) 
tissue can be imaged directly as ‘hot spots’. Also the image of 2y annihilation can be mapped with 
that of 3-gamma yield and new valuable information can be extracted about the state of oxygenation 
in a tumour (hypoxia).Therefore, if the work is further developed with the PET scanner in imaging 
these oxygen variations, it may be possible that hypoxic necrotic tissue can be imaged directly as 
‘hot spots’.
Characterisation of a LaBrs: Ce (5%) scintillation detector was carried out in this thesis to evaluate 
the suitability of this type of detector in the three photon positron annihilation detection system. 
Detectors with good energy resolution are needed to improve the quality of the image and reduce 
the noise due to scattered events arising from Compton scattering events which do not correspond 
to 3 gamma events. Amplifier parameters such as shaping time were found that to have an effect on 
the resolution measurement by reducing the scatter to noise events. In addition, the detector should 
have high detection efficiency at energies of interest, as well as fast timing response. In this work, 
study of the effect of source-to -detector distance confirmed that the short source-to-detector 
geometry increases the counting efficiency due to the large solid angle subtended by the detector at 
the source and therefore in clinical practice would require that the hypoxic tumour to be close to the 
surface. However, this geometry has a serious problem due to true coincidence summing. As the 
magnitude of coincidence summing depends strongly on the solid angle subtended by the detector,
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the apparent intensity ratio of the two peaks in the spectrum changes with distance. Therefore, the 
source-to-detector distance must be accurately determined especially for source arrangements close 
to the detector, because a small error in the estimate of this distance can give rise to significant 
errors in the efficiency.
Monte Carlo simulations and experimental data were compared and the simulations have shown 
that detector efficiencies can be adequately modelled using the GEANT 4 based GATE 6.2 toolkit. 
The experimental and simulation results show good agreement. One of the drawbacks of using 
Monte Carlo simulation for calculation of efficiency is the low precision of the simulation due to 
insufficient information about source and detector description. However, the short time to acquire 
the simulation events is helpful for testing different geometry setups in comparison with the 
practical choice of counting times used experimentally. An additional drawback is that the errors in 
the detector geometry and the solid angle subtended by the detector and the source could have a 
negative influence on the efficiency measurement; however, this can be relatively quickly checked 
by simulation.
Hydrophilic materials are potentially suitable for the construction of hypoxic/normoxic/hyperoxic 
phantoms since they are tissue equivalent structures in which the hydration level and type of liquid 
content can be controlled. The hydration behaviour in defibrinated horse blood and serum of two 
types of hydrophilic materials was studied. The results suggest that the hydration rate is generally 
higher with serum. The hydration rates for blood and serum were quite similar for sample A, which 
had an equilibrium water content of 38%; the diffusion coefficients were found to be 0.018 g/h in 
blood and 0.019 g/h in serum. For sample B, which had an equilibrium content of 75%, the 
hydration rate was different for blood and serum; the diffusion coefficients were found to be 0.055 
g/h in blood and 0.061 g/h in serum. Additional pH measurements should be carried out in future 
experiments in order to evaluate any changes in the chemical composition of the liquids used for the 
hydration of hydrogels.
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The linear and the mass attenuation coefficients of the hydrophilic materials were also measured by 
using the same ^^Na source for the hydrophilic materials. The attenuation coefficient of the 
hydrophilic material was found to depend on the density of the scattering material. The attenuation 
coefficient could be used to find the optimum thickness of sample to be scanned for a minimum 
counting time and measure the 3/2 gamma ratio.
It may be possible that the combination of the scatter-to-peak ratio method for determining the 
depth of a positron-emitting radionuclide source in combination with measurement of the relative 
ratio of 3-to-2 photon annihilations may suggest a new technique which can locate hypoxic tumours 
without the necessity of further tomography by using the information in the photon annihilation 
spectra recorded.
There were many factors that affect the peak-to-peak measurements: source-to-detector distance, 
linear attenuation coefficient of material, thickness of the sample, and the amount of oxygen in the 
sample. As a conclusion, the sensitive variation in the relative yields of 3y/2y measurements is due 
to the different chemical composition of the hydrophilic samples. Hydrophilic B is made of methyl 
methacrylate (MAA) which has 19.02% fraction of oxygen by weight and Vinyl Pyrolidone (VP) 
which has 14.39 % of oxygen fi*action by weight. Also, this sample has high oxygen transmissibility 
as water uptake is 60-85%. On the other hand, hydrophilic A is made of MMA only, which means 
that it has a low oxygen level in comparison with hydrophilic B, as low oxygen transmissibility 
since it the water uptake is 38%. Therefore, the 3y/2y relative yield ratio is higher in hydrophilic A. 
Aluminium is rich in electrons (high electron density), therefore, using different aluminium 
thicknesses as reference material could have an effect on the measured 3y/2y relative yield.
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Future work:
Future experimental work should be carried out to investigate the 3y/2y yield in hypoxic, normoxic 
and hyperoxic conditions in tissues for future application in oncology. Also, to determine how the 
oxygenation levels could be maintained and controlled without variation in the samples studied. In 
addition, very important further steps would be (a) the injection of a positron emitter (e.g. ^^ F) into 
those samples and the investigation of 3y/2y yield and (b) the use of such samples for the hydration 
of hydrophilic phantoms where the prospects of 3y imaging would be explored.
The detection of three photon positron annihilation requires a system setup with a triple coincidence 
unit. Therefore, a series of experiments should be carried out with different geometrical 
configurations using three detectors in coincidence, comparing measurements with different types 
of detectors. The ideal clinical radioisotopes to carry out these experiments are ^^Zr and ^^ F for the 
single and triple coincidence detectors, respectively.
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Appendix A: formulae and Error Estimation
Absolute efficiency errors:
^Eabs.p ~ .CTiA'/y/ V0|-^ yV““ ' ’“'y
The relative error of intrinsic photo peak efficiency is given by:
As
Where ACp is absolute error in photo peak counts, and AÜ. is absolute error in solid angle. 
Error in the solid angle factor:
n/4;r
1
7T
1 J '
(J.
Error in Hydration:
0(Wt -  Wo) 5Wt
. (hydration%)
Wj; — Wq Wf;
Where W t is the total weight of the material, W q is the initial in dry state and hydration is the 
amount of liquid in the structure divided by the total weight of the material.
Error calculations of peak-to-peak method
'R
Error^ =
2 y
vs ^ 5 1 1 5  \ ^
R5 1 1 5  I  ^ 5 1 1 5 ^
o2
^ S l l r e f
R + R5 1 1 55 1 1 s
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Appendix B: Equipment 
Detector specifications (LaBrg: Ce (5%))
Summary of LaBrg: Ce (5%) properties
Detector properties LaBr3:Ce detector
Density 5.29 g/cm"*
Decay time 20 ns
Light yield 63,000 photon/keVy
Effective atomic No. (Zgff) 48.3
Energy resolution < 3 % at662 keV
Wavelength of emission max 380 nm
Crystal size 25.0 X 25.0 mm
Operating voltage 478 V
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Specifications of meters used: 
DOB-215
r I  1
DOB-215
3.0 SPECIFICATIONS
R eadout'
R ange 
Accuracy 
Saturation Range 
Saturation Accuracy
6"Ana'og M eter 
0 - 1 5  ppm 
0 iopm  
0 * 120% 
1 %
3 “ Digital LCD 
0 -  19 99 ppm 
0 Ippm 
NA 
NA
Temperature Compensation Automatic
Temperature Readout. 0 - 5 0 'C
Electrode Polarographic
Size
Bench Models. 5’’H x 8 " W x 5 D
Field Models' 4 "H x1 2 "W x8 "D
W eight
Bench Models; 2 7 lbs (1 2  Kg)
Field Models 4 lbs (1 8  Kg)
Power
Bench Models: 8 -1  5 V AA Batteries or
Field Models
Optional Wall Plug Adaptor 
8 - 1 .5  VAA Batteries
Battery Life: approx. 200 hrs
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D0400 was calibrated each time it was turned on while DOB-215 was calibrated every time 
the sample was changes (e.g from blood to serum etc.).
D0400
SPECIFICATIONS
HI 914-3 HI 9 1 4 5
R a n g e
R e so lu t io n
0 .0 0  to 4 5 .0 0  m g'L O , 
0 .0  to 3 0 0  0%
0 .0  to 5 0 .0 'C  '
0 ,01 mg/L ' 0 .1%  O , 
0 .1  "C
A c c u r a c y  (@ 20*C /68"F)
±1.5%  FO (C.» 
± 0  5 C
T yp ica l EMC D ev ia tio n
± 0 .3  m g'L , ±3  5% O , 
± 0 .5  *C
C alibration A utom atic, in air. at 100%
T e m p era tu re  C o m p e n s a t io n
A utom atic 0 to SO“C (32  to 1 2 2 “F>
A ltitu d e C o m p e n sa t io n
0 to 1 9 0 0  m —
('resolution 100 m>
S a lin ity  C o m p e n sa t io n
O to 4 0  g ’L —
(resolution 1 g/L)
P r o b e  HI 7 6 4 0 7 /4  polarographic
with 4  m ( 1 3 )  cab le  ( in c lu d e d )
E n v iron m en t O to 5 0 'C  (3 2  to 1 2 2 ‘ F): 
RH m ax 100%
P o w e r  S u p p ly
4 x 1  5V AA batteries  
approx 2 0 0  hours o f con tinu ou s u se  
auto-off after 4  hours o f inactivity; 
or input for 12 Vdc adapter  
D im e n s io n s  196 x 80  x 6 0  m m
(7 7 X 3 .1  X 2 4"i
W eig h t 5 0 0  g (1.1 lb.)
T h e  D 0 4 0 0  is n o  lo n g e r  
m a n u fa c tu r e d  b y  W h a tm a n  Ltd. 
T h e c o m p a n y  w a s  p u r c h a se d  by  
H ANNA In s tr u m e n ts  Ltd. D 0 4 0 0  
m o d e l n o w  c o r r e s p o n d s  t o  
H ANNA HI 9 1 4 3  m o d e l .
Details about the type of mineral water used:
Brand name Evian
Source Évian-les-Bains (France)
Type Still
PH 7.18
Calcium (Ca) 78 (mg/L)
Chloride (CI-) 2.2 (mg/L)
Bicarbonate (HC03) 357(mg/L)
Magnesium (Mg) 24(mg/L)
Nitrate (No3) 3.8(mg/L)
Potassium (K) 0.75(mg/L)
Sodium (Na) 5(mg/L)
Sulfates (Su) 10(mg/L)
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Type A: HEM A/VP, 
EWC=38%
Type B: MM A/VP, 
EWC=78%
Day 1-3 (Blood)
In both of the beakers blood was 
separated into RBCs and serum. 
Water was also sucked out of the 
RBCs which shrunk and sunk to the 
bottom. This happened more 
quickly in the case of B1 due to the 
stronger attraction of water to the 
hydrophilic sites.
Before the m easurements, the 
excess of blood or serum was 
removed using filter paper
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Day 4 (Blood)
In the beaker containing A1 RBCs 
was no longer separated. This can 
be attributed to hydroxyethyl 
methacrylate that was diffused 
out of the sample and caused 
rupture of the RBCs.
Day 5 (Blood)
The blood in the left beaker was 
much darker in colour than the 
right. This indicates that the 
different chemical compounds 
diffused from hydrogels into 
blood induced observable 
changes in the chemical 
composition.
Day 1 (Serum)
Strong suction of liquid caused 
the hydrogels to get stuck on 
the bottom of the beakers. So, 
they were no longer being 
placed back in in a horizontal 
position but vertically to 
reduce the contact area.
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A
Hydrogels before and after the 97- 
hour immersion in blood. The red 
colour around A1 indicates that Hb 
released by the RBCs or shrunk 
RBCs have penetrated into the 
material.
Aa
Hydrogels after the 97-hour 
immersion in serum. Unlike A1 and 
B2 these are brighter in colour.
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Appendix C: Tables of Results
Table 25  Sam ple: M ineral w a te r  Evian, 2 0 0  ML, bubbled  w ith  N itrogen , 1 hour, 1 L /hour (un certa in ties: ±1,5% , ± 0 .01  in pH)
Temperature Dissolved Oxygen HANNA
Time
min
DOB-
215©
Hg© DOB-
215(ppm)
D0400(ppm) D0400
(Sat%)
PH Temperature
(C°)
0 21.6 21 9.5 7.47 95.7 7.53 21.8
5 21.2 22 3.6 2.67 33.4 7.71 21.8
10 21.1 22 2.4 1.73 22.2 7.87 21.9
15 21 22 2.2 1.56 20.1 7.89 21.9
20 21 2.2 1.6 20.4 8.02 22
25 21.1 22 2.3 1.67 21.6 8.07 22.1
30 21.2 22.2 2.3 1.62 20.5 8.11 22.2
35 21.3 22.2 2.4 1.72 21.9 8.13 22.4
40 21.5 22.4 2.2 1.58 20.1 8.18 22.5
45 21.5 22.4 2.3 1.64 21.9 8.21 22.7
50 21.6 22.6 2.2 1.53 19.7 8.23 22.8
55 21.7 22.8 1.9 1.3 16.9 8.26 23
60 21.8 23 2 1.34 17.4 8.25 23.1
65 22.3 23.2 4.2 3.33 42.2 8.28 23.4
70 22.5 23.6 5.9 4.67 61.5 8.19 23.7
75 22.8 23.8 7.5 5.67 74.3 8.26 24
80 23.1 24 7.8 6.24 82.5 8.22 24.2
85 23.3 24.2 8.5 6.6 87.4 8.24 24.4
90 23.4 24.6 8.6 6.82 91 8.23 24.6
95 23.7 24.8 8.7 7.03 93.8 8.2 24.8
100 23.9 25 8.8 7.11 95.1 8.17 25
105 24 25 8.9 7.11 95.3 8.13 25.2
110 24.2 25.2 8.9 7.15 96.3 8.11 25.4
115 24.1 25.4 8.9 7.2 97.6 8.05 25.5
120 24.2 25.6 8.8 7.22 97.7 8.06 25.5
130 24.5 25.8 8.7 7.22 97.8 7.98 25.7
140 24.6 26 8.6 7.2 97.8 7.93 25.8
150 24.8 26 8.6 7.2 98.1 7.86 25.9
160 24.9 26.2 8.6 7.2 98.3 7.87 26.1
170 25 26.2 8.5 7.21 98.3 7.81 26.1
180 25 26.2 8.6 7.28 99.2 7.83 26.1
190 25 26.2 8.6 7.23 98.8 7.76 26.3
200 25.1 26.2 8.6 7.27 98.8 7.82 26.2
210 25.1 26.2 8.7 7.25 99.4 7.93 26.2
220 24.8 26.4 8.8 7.23 99 7.96 26.3
230 25.1 26.5 8.9 7.28 99.8 7.98 26.4
240 24.6 26.6 9 7.3 100.4 8 26.4
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Table 26  M ineral w a te r  Evian, 2 0 0  ML, bubbled  w ith  carbon d iox id e , 1 hour, 1 L /hour (un certa in ties:±0 .50C , tO .lp p m , ± 0 .01  in 
pH)
Temperature Dissolved Oxygen HANNA
DOB-
215©
Hg© DOB-215
(ppm)
D0400(ppm) D0400
(Sat%)
PH Temperature©
0 22.8 23 9.1 6.98 92.3 7.15 23
5 22.8 23.2 2.2 1.57 21 5.38 23.2
10 22.8 23.2 1.1 0.17 4.5 5.32 23.2
15 22.8 23.2 1 0.24 3 5.32 23.2
20 22.7 23.2 0.9 0.23 3 5.32 23.3
25 22.7 23.4 0.9 0.2 2.7 5.33 23.3
30 22.7 23.5 0.8 0.2 2.4 5.32 23.4
35 22.8 23.6 0.8 0.2 2.6 5.33 23.5
40 22.9 23.8 0.8 0.21 2.7 5.34 23.7
45 23 23.8 0.8 0.21 2.7 5.34 23.8
50 23.1 24 0.8 0.2 2.5 5.35 24
55 23.3 24.1 0.8 0.22 2.8 5.35 24.1
60 23.3 24.2 0.8 0.22 2.8 5.35 24.2
65 23.5 24.6 2 1.48 19.9 5.43 24.6
70 23.7 24.8 3.9 3.13 42.3 5.58 24.8
75 23.9 25.2 5.5 4.43 59.7 5.71 25.1
80 24 25.4 7 5.18 70.1 5.85 25.3
85 24.1 25.6 7.4 6 80 6.06 25.5
90 24.2 25.6 7.8 6.37 85.2 6.18 25.5
95 24.3 25.8 8.2 6.69 89.6 6.39 25.6
100 24.3 25.8 8.5 6.82 91.7 6.57 25.6
105 24.4 25.8 8.5 6.88 93 6.73 25.7
110 24.5 25.8 8.7 6.9 93.7 6.99 25.8
115 24.6 26 8.9 6.97 94.4 7.15 25.8
120 24.6 26 8.7 6.96 94.4 7.34 25.9
130 24.7 26 8.7 6.97 94.5 7.45 26
140 24.8 26.2 8.7 6.92 94.5 6.68 26.1
150 24.9 26.2 8.7 6.93 94.7 7.78 26.1
160 24.9 26.3 8.8 6.94 97.8 7.83 26.2
170 24.9 26.4 8.8 6.95 95.2 7.86 26.2
180 25 26.4 8.8 6.93 95 7.87 26.3
190 25 26.4 8.8 6.92 95 7.87 26.3
200 25 26.4 8.8 6.95 95.2 7.88 26.3
210 24.9 26.4 8.8 6.96 95.6 7.86 26.3
220 24.9 26.4 9 7.05 96.4 7.87 26.4
230 24.5 26.4 9 7.05 96.4 7.85 26.4
240 24.7 26.4 9 7.1 97.2 7.85 26.4
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Table 27  M ineral w a te r  Evian, 150  m l, ex p o se d  to  n itrogen , 2 hours, 1 .5  L /hour (uncerta in ties: ± 0 .5  OC, ± 0 .1  ppm  , ± 1 .5  %, ± 
0 .0 1  in pH)
Temperature Dissolved Oxygen HANNA
Time
(min)
DOB-
215©
Hg© DOB-
215(ppm)
D0400(ppm) D0400 
(Sat %)
PH Temperature©
0 21.3 21.1 7.2 7.17 93.7 7.29 21
5 20.5 20.9 6 6.08 78.3 7.36 20.8
10 19.9 20.7 4.8 7.98 63.5 7.43 20.7
15 19.7 20.6 3.8 4.12 52.1 7.47 20.6
20 19.5 20.6 2.9 3.4 42.9 7.54 20.5
25 19.5 20.5 2.3 2.92 36.8 7.56 20.5
30 19.5 20.7 1.8 2.48 31.1 7.62 20.6
35 19.5 20.7 1.4 2.14 26.9 7.67 20.6
40 19.5 20.8 1.1 1.9 23.9 7.68 20.7
45 19.6 20.9 0.8 1.73 21.7 7.73 20.8
50 19.7 21 0.7 1.6 20 7.75 20.9
55 19.8 21.2 0.5 1.43 18 7.79 21.1
60 19.9 21.3 0.4 1.37 17.2 7.8 21.2
70 20.2 21.5 0.3 1.28 16.2 7.82 21.4
80 20.5 21.8 0.2 1.2 15.2 7.89 21.7
90 20.7 22 0.1 1.16 14.7 7.93 21.9
100 20.9 22.2 0.1 1.16 14.8 7.95 22.1
110 21.3 22.4 0.1 1.16 14.8 7.97 22.3
120 21.5 22.6 0.1 1.15 14.8 7.99 22.5
125 21.6 22.9 1.9 2.63 34.1 8.03 22.8
130 21.8 23.2 3.8 4.2 54.6 8.04 23.1
135 22 23.4 5 5.22 68.2 8.05 23.3
140 22.1 23.6 6 6.05 79 8.05 23.6
145 22.2 23.9 6.8 6.67 87.4 8.06 23.8
150 22.3 24 7.2 7 91.8 8.06 23.9
155 22.4 24.2 7.4 7.15 93.9 8.06 24.1
160 22.4 24.3 7.6 7.26 95.5 8.05 24.2
165 22.4 24.4 7.7 7.38 96.8 8.04 24.4
170 22.5 24.5 7.8 7.43 79.8 8.03 24.4
175 22.5 24.6 7.8 7.49 98.7 7.99 24.5
180 22.5 24.7 7.9 7.53 99.2 7.98 24.6
190 22.85 24.8 7.9 7.57 100 7.91 24.7
200 22.8 25 8 7.59 100.3 7.84 24.9
210 23 25 8 7.57 100.5 7.82 25
215
220
225
230
235
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Table 28  m ineral w a te r  Evian, 15 0  ml, e x p o se d  to  carbon d iox id e , 2 hours, 1 .5  L/hour ( u n certa in ties : ± 0 .5  °C , ± 0 .1  ppm , ± 1.5  
% , ± 0 .0 1  in pH
Temperature Dissolved Oxygen HANNA
DOB-
215©
Hg© DOB215(ppm) D0400
(ppm)
D0400 
(Sat %)
PH Temperature©
22.2 22 7.2 7.35 96 7.3 21.9
5 21.6 22 6.1 6.23 80.3 5.97 21.9
10 21.3 22 4.8 5.12 65.7 5.74 21.8
15 21.1 21.9 3.8 4.26 54.4 5.63 21.8
20 21 21.9 3 3.56 45.4 5.56 21.8
25 20.9 21.9 2.4 3.01 38.4 5.51 21.8
30 250.9 21.9 1.9 2.61 33.3 5.48 211.8
35 20.9 21.8 1.5 2.29 29.2 5.46 21.8
40 20.9 22 1.2 2.06 26.2 5.44 21.9
45 20.9 22 1 1.86 23.7 5.42 21.9
50 20.9 22 0.8 1.72 21.8 5.41 22
55 21 22 0.6 1.58 20.1 5.4 22
60 21 22.1 0.5 1.52 19.3 5.4 22
70 21.1 22.2 0.4 1.36 17.3 5.39 22.1
80 21.1 22.2 0.3 1.32 16.8 5.39 22.2
90 21.3 22.4 0.3 1.26 16.2 5.39 22.3
100 21.3 22.4 0.3 1.24 15.9 5.38 22.3
110 21.4 22.4 0.2 1.23 15.8 5.39 22.4
120 21.4 22.5 0.2 1.23 15.8 5.39 22.4
125 21.5 22.8 1.8 2.63 33.9 5.48 22.7
130 21.5 23 3.4 3.91 50.8 5.58 22.9
135 21.6 23.2 4.5 4.87 62.8 5.69 23.2
140 21.8 23.4 5.2 5.49 71.5 5.78 23.3
145 21.9 23.6 6 6.09 79 5.89 23.5
150 22 23.6 6.5 6.41 84.1 5.98 23.6
155 22.2 23.8 6.8 6.73 88.4 6.09 23.7
160 22.3 23.9 7 6.93 91.1 6.16 23.8
165 22.5 24.1 7.3 7.09 93.8 6.29 24
170 22.5 24.2 7.4 7.24 95.4 6.36 24.1
175 22.6 24.3 7.5 7.43 97.2 6.51 24.2
180 22.6 24.3 7.6 7.41 98 6.56 24.4
190 22.7 24.5 7.7 7.51 99.4 6.8 24.7
200 23 24.8 7.8 7.54 100.4 7.03 24.7
210 23 24.8 7.8 7.56 100.4 7.22
215
220
225
230
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Table 29  M ineral w a te r  Evian, 15 0  ml, e x p o se d  to  n itrogen , 2 hours, 1 .5  L /hour (uncerta in ties: ± 0 .5  OC, ± 0 .1  p p m , ± 1 .5  %, ± 
0 .0 1  in pH)
Temperature Dissolved Oxygen HANNA
DOB-
215©
Hg© DOB-215
(ppm)
D0400(ppm) D0400 (sat %) PH Temperature©
0 20.7 7.6 7.27 93.3 7.26 21.4
5 23.1 7 7.04 91.1 7.2 22
10 25 6 6.35 83.2 6.97 22.8
15 25.6 5.3 5.55 73.9 6.79 23.4
20 25.6 4.7 4.89 65.4 6.63 23.7
25 25.3 4.2 4.28 57.4 6.59 24
30 25 3.6 3.73 50.1 6.5 24.2
35 24.7 3.1 3.26 43.7 6.48 24.3
40 24.4 2.7 2.85 38.3 6.45 24.4
45 24.2 2.3 2.5 33.6 6.42 24.4
50 24 1.9 2.21 29.7 6.39 24.5
55 23.8 1.7 1.98 26.4 6.38 24.5
60 23.7 1.4 1.76 23.6 6.37 24.5
65 23.7 1.2 1.59 21.2 6.35 24.6
70 23.7 1 1.43 19.1 6.34 24.6
75 23.7 0.9 1.29 17.4 6.33 24.6
80 23.7 0.7 1.19 15.9 6.32 24.7
85 23.7 0.6 1.09 14.6 6.32 24.7
90 23.7 0.5 1.02 13.7 6.31 24.7
95 23.8 0.4 0.95 12.7 6.31 24.8
100 23.8 0.4 0.91 12.1 6.29 24.8
105 23.8 0.3 0.85 11.4 6.31 24.9
110 23.9 0.3 0.82 10.9 6.28 24.9
115 24 0.2 0.79 10.6 6.3 25
120 24 0.2 0.76 10.2 6.3 25.1
125 23.9 0.7 0.7 16.9 6.33 25
130 23.3 1.9 1.9 29.5 6.39 25
1.35 23 3 3 41.7 6.46 24.9
140 22.9 3.9 3.9 51.7 6.52 24.9
145 23 4.6 4.6 60 6.59 24.9
150 23.1 5.2 5.2 66.8 6.67 24.9
155 23.2 5.8 5.8 72.2 6.73 24.8
160 23.3 6 6 76.8 6.8 24.8
165 23.3 6.3 6.3 80.4 6.87 24.8
170 23.4 6.6 6.6 83.5 6.93 24.8
175 23.4 6.8 6.8 86 7 24.8
180 23.5 7 7 88.2 7.06 24.8
185 23.5 7.1 7.1 89.9 7.12 24.8
190 23.6 7.2 7.2 91.1 7.18 24.9
195 23.6 7.3 7.3 92.4 7.24 24.9
200 23.7 7.4 7.4 93.3 7.29 24.9
205 23.7 7.5 7.5 94.3 7.33 24.9
210 23.8 7.5 7.5 95.1 7.39 24.9
149
Appendix C: Tables of results
Table 30  m ineral w a te r  Evian, 20 0  m l, bubbled  w ith  n itrogen , 1 hour, 1 L/hour (uncertain ties:±0.5°C , iO .lp p m , ±1.5% ,±0.01 in pH
Temperature Dissolved Oxygen HANNA
DOB-
215©
Hg© DOB-215
(ppm)
D0400(ppm) D0400 (Sat%) PH Temperature©
0 21.6 21 9.5 7.47 95.7 7.53 21.8
5 21.2 22 3.6 2.67 33.4 7.71 21.8
10 21.1 22 2.4 1.73 22.2 7.87 21.9
15 21 22 2.2 1.56 20.1 7.89 21.9
20 21 22 2.2 1.96 20.4 8.02 22
25 21.1 22.2 2.3 1.67 21.6 8.07 22.1
30 21.2 22.2 2.3 1.62 20.5 8.11 22.2
35 21.3 22.4 2.4 1.72 21.9 8.13 22.4
40 21.5 22.4 2.2 1.58 20.1 8.18 22.5
45 21.5 22.6 2.3 1.64 21.9 8.21 22.7
50 21.6 22.8 2.2 1.53 19.7 8.12 22.8
55 21.7 23 1.9 1.3 16.9 8.26 23
60 21.8 23.2 2 1.34 17.4 8.25 23.1
65 22.3 23.6 4.2 3.33 42.2 8.28 23.4
70 22.5 23.8 5.9 4.67 61.5 8.19 23.7
75 22.8 24 7.5 5.67 74.3 8.26 24
80 23.1 24.2 7.8 6.24 82.5 8.22 24.2
85 23.3 24.6 8.5 6 .6 87.4 8.24 24.4
90 23.4 24.8 8.6 6.82 91 8.23 24.6
95 23.7 25 8.7 7.03 93.8 8.2 24.8
100 23.9 25 8.8 7.11 95.1 8.17 25
105 24 25.2 8.9 7.11 95.3 8.13 25.2
110 24.2 25.4 8.9 7.15 96.3 8.11 24.4
115 24.1 25.6 8.9 7.2 97.6 8.05 25.5
120 24.2 25.6 8.8 7.22 97.7 8.06 25.5
130 24.5 25.8 8.7 7.22 97.8 7.98 25.7
140 24.6 26 8.6 7.2 97.8 7.93 25.8
150 24.8 26 8.6 7.2 98.1 7.86 25.9
160 24.9 26.2 8.6 7.2 98.3 7.87 26.1
170 25 26.2 8.5 7.21 98.3 7.81 26.1
180 25 26.2 8.6 7.28 99.2 7.83 26.1
190 25 26.2 8.6 7.23 98.8 7.76 26.3
200 25.1 26.2 8.6 7.27 98.8 7.82 26.2
210 25.1 26.2 8.7 7.25 99.4 7.93 26.2
220 24.8 26.4 8.8 7.23 99 7.96 26.3
230 25.1 26.5 8.9 7.28 99.8 7.98 26.4
240 24.6 26.6 9 7.3 100.4 8 26.4
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Table 31  m ineral w a te r  Evian, 2 0 0  m l, bubbled  w ith  carbon  d iox id e , 1 hour, 1 L /hour (uncertain ties:±0.5°C , iO .lp p m ,  
±1.5% ,±0.01 in pH)
DOB-
215©
Hg© DOB-215
(ppm)
D0400(ppm) D0400 (sat %) PH Temperature©
0 22.8 23 9.1 6.89 92.3 7.15 23
5 22.8 23.2 2.2 1.57 21 5.38 23.2
10 22.8 23.2 1.1 0.17 4.5 5.32 23.2
15 22.8 23.2 1 0.24 3 5.32 23.2
20 22.7 23.2 0.9 0.23 3 5.32 23.3
25 22.7 23.4 0.9 0.2 2.7 5.33 23.3
30 22.7 23.5 0.8 0.2 2.4 5.32 23.4
35 22.8 23.6 0.8 0.2 2.6 5.33 23.5
40 22.9 23.8 0.8 0.21 2.7 5.34 23.7
45 23 23.8 0.8 0.21 2.7 5.34 23.8
50 23.1 24 0.8 0.2 2.5 5.35 24
55 23.3 24.1 0.8 0.22 2.8 5.35 24.1
60 23.3 24.2 0.8 0.22 2.8 5.35 24.2
65 23.5 24.6 2 1.48 19.9 5.43 24.6
70 23.7 24.8 3.9 3.13 42.3 5.58 24.8
75 23.9 25.2 5.5 4.43 59.7 60.2 25.1
80 24 25.4 7 5.18 70.1 6.18 25.3
85 24.1 25.6 7.4 6 80 6.39 25.5
90 24.2 25.6 7.8 6.37 85.2 6.57 25.5
95 24.3 25.8 8.2 6.69 89.6 6.73 25.6
100 24.3 25.8 8.5 6.82 91.7 6.99 25.6
105 24.4 25.8 8.5 6.88 93 7.15 25.7
110 24.5 25.8 8.7 6.9 93.7 7.34 25.8
115 24.6 26 8.9 6.97 94.4 7.54 25.8
120 24.6 26 8.7 6.96 94.4 7.68 25.9
125
130 24.7 26 8.7 6.97 94.5 7.78 26
135
140 24.8 26.2 8.7 6.92 94.5 7.83 26.1
145
150 24.9 26.2 8.7 6.93 94.7 7.86 26.1
155
160 24.9 26.3 8.8 6.94 94.8 7.87 26.2
165
170 24.9 26.4 8.8 6.95 95.2 7.87 26.2
180 25 8.8 6.93 95 7.88 26.36
190 25 26.4 8.8 6.92 95 7.86 26.3
200 25 8.8 6.95 95.2 7.86
210 24.9 26.4 8.8 6.96 95.6 7.87 26.3
220 24.9 26.4 9 7.05 96.4 7.87 26.4
230 24.5 26.4 9 7.05 96.4 7.85 26.4
240 24.7 26.4 9 7.1 97.2 7.85 26.4
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T able 32  B lood , 150  m l, ex p o se d  to  n itrogen , 2 hours, 1 .5  I/hour (uncertain ties:±0.5°C , iO .lp p m , ±1.5% ,±0.01 in pH)
Temperature Dissolved Oxygen HANNA
DOB-
215©
Hg© DOB-215
(ppm)
D0400(ppm) D0400 (sat %) PH Temperature©
0 21.4 20.5 8.5 7.01 92.6 7.04 20.7
5 21 20.6 7.8 6.22 81.3 7.05 20.8
10 20.8 20.8 7 5.66 73.4 7.06 20.8
15 20.7 20.8 6.1 5.01 64.5 7.07 20.8
20 20.7 21 5.2 4.57 59 7.08 21
25 20.7 21.1 4.5 3.95 50.8 7.09 21.1
30 20.8 21.3 3.7 3.12 40 7.1 21.2
35 20.9 21.4 3.2 2.75 35.5 7.11 21.4
40 21 21.5 2.8 2.54 32.6 7.11 21.4
45 21 21.6 2.4 2.26 29 7.12 21.5
50 21 21.7 2.1 1.98 25.4 7.12 21.6
55 21 21.8 1.9 1.83 23.4 7.13 21.7
60 21 21.8 1.8 1.73 22.2 7.14 21.7
65
70 21 21.9 1.5 1.58 20.3 7.15 21.8
75
80 21.1 22 1.4 1.49 19.1 7.16 21.9
85
90 21.1 22.1 1.3 1.42 18.2 7.17 22
95
100 21.2 22.2 1.2 1.38 17.7 7.18 22.1
105
110 21.2 22.2 1.1 1.35 17.3 7.19 22.2
115
120 21.3 22.3 1.1 1.32 16.8 7.2 22.2
125 21.2 22.6 1.1 1.36 17.3 7.2 22.4
130 21.1 22.8 1.2 1.4 18 7.22 22.6
135 21.2 23 1.2 1.43 18.3 7.23 22.8
140 21.2 23 1.2 1.49 19.25 7.24 23
145 21.5 23.2 1.3 1.57 20.2 7.25 23.1
150 21.7 23.4 1.4 1.62 20.8 7.26 23.2
155 21.9 23.5 1.5 1.69 21.9 7.26 23.4
160 22.1 23.6 1.6 1.77 23 7.27 23.5
165 22.2 23.8 1.7 1.87 24.2 7.27 23.7
170 22.4 23.9 1.8 1.97 25.7 7.28 23.8
175 22.6 24.1 2 2.18 28.6 7.28 24
180 22.7 24.2 2.2 1.5 29.5 7.29 24.1
190 23 24.5 2.8 2.71 35.7 7.3 24.4
200 23.1 24.7 3.5 3.26 42.9 7.32 24.6
210 23.3 24.9 4.2 3.81 50.4 7.32 24.8
220 23.4 25 4.7 4.27 56.5 7.34 24.9
230 23.6 25.2 5.2 4.78 63.8 7.35 25.1
240 23.7 25.3 5.8 5.12 67.5 7.36 25.2
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Table 33  B lood , 150  m l, ex p o se d  to  carbon d iox id e , 2 hours, 1 .5  I/hour (uncertainties:±0.5°C , iO .lp p m , i l .5 % ,i0 .0 1  in pH)
Temperature Dissolved Oxygen HANNA
DOB-
215©
Hg© DOB-215
(ppm)
D0400(ppm) D0400 (sat %) PH Temperature©
0 22.9 19.3 7.1 7.06 94.5 7.16 19.2
5 22 19.8 6.6 6.58 86.4 7.08 19.8
10 21.5 20.1 5.7 5.71 74.3 7 20
15 21.1 20.4 4.7 4.92 63.5 6.93 20.3
20 20.9 20.6 4 4.35 55.9 6.86 20.5
25 20.8 20.7 3.6 4.03 51.5 6.78 20.6
30 20.8 20.9 3.4 3.8 48.7 6.75 20.8
35 20.9 21.1 3.7 3.67 47.1 6.67 21
40 20.9 21.3 3.2 3.59 46.2 6.65 21.2
45 21 21.5 3.1 3.54 45.3 6.61 21.4
50 21.1 21.6 3.1 3.48 44.7 6.57 21.5
55 21.3 21.8 3 3.44 44.3 6.54 21.7
60 21.4 22 3 3.41 43.8 6.51 21.9
65
70 21.4 22.2 2.9 3.34 43.1 6.44 22.1
75 42.6
80 21.5 22.4 2.8 3.29 41.9 6.41 22.3
85
90 21.5 22.7 2.7 3.23 41.3 6.35 22.6
95
100 21.7 23 2.6 3.19 41.3 6.33 22.8
105
110 21.9 23 2.6 3.13 40.7 6.31 22.9
115
120 22.1 23.2 2.6 3.08 40.2 6.29 23.1
125 22.3 23.5 2.6 3.09 40.4 6.31 23.4
130 22.5 23.8 2.6 3.13 41.1 3.35 23.6
135 22.7 24 2.6 3.16 41.5 6.38 23.8
140 22.8 24.1 2.7 3.21 42.2 6.41 24
145 23 24.3 2.7 3.24 42.7 6.44 24.2
150 23.1 24.5 2.7 3.27 43.1 6.46 24.4
155 23.3 24.7 2.7 3.3 43.6 6.51 24.6
160 23.4 24.9 2.7 3.32 44 6.54 24.8
165 23.5 25 2.7 3.37 44.7 6.56 24.9
170 23.6 25.1 2.8 3.36 44.6 6.59 25
175 23.7 25.2 2.8 3.35 44.6 6.61 25.1
180 23.8 25.4 2.8 3.38 44.9 6.64 25.3
190 24 25.6 2.8 3.39 45.1 6.69 25.5
200 24.1 25.7 2.8 3.42 45.5 6.73 25.6
210 24.1 25.8 2.8 3.47 46.2 6.76 25.7
220 24.3 25.9 2.8 3.48 46.4 6.8 25.8
230 24.3 26 2.8 3.52 47 6.84 25.9
240 24.4 26.1 2.8 3.57 47.6 6.87 26
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Table 34  B lood, 150  m l, ex p o se d  to  A n aerogen , 2 hours, 1 .5  I/h ou r {u n certa ln ties:±0 .5  C, iO .lp p m , i l .5 % ,i0 .0 1  In PH)
Temperature Dissolved Oxygen HANNA
DOB-
215©
Hg© DOB-215
(ppm)
D0400(ppm) D0400 (sat %) PH Temperature©
0 21 7 8.26 103.7 7.04 19
5 22.8 6.6 7.81 98.5 7.04 20
10 24.5 6.3 8.1 104.5 7.07 21.2
15 25 6.2 8 105 7.08 22.2
20 24.9 6 7 92.6 7.07 22.8
25 24.6 5.9 6.72 89.5 7.06 23.2
30 24.4 5.8 6.47 85.9 7.04 23.4
35 24.1 5.6 5.93 79.3 7.04 23.7
40 23.9 5.4 5.64 15.3 7.01 23.8
45 23.7 5 5.2 69.3 7.03 24
50 23.6 4.5 4.78 64 7 24.1
55 23.4 4 4.28 57.4 7.01 24.2
60 23.4 3.6 3.9 52 7.01 24.3
65 23.4 3.4 3.53 47.3 7 24.4
70 23.3 2.9 3.24 43.4 7 24.4
75 23.3 2.5 3.07 41.1 7 24.5
80 23.3 2.3 2.91 39 6.99 24.5
85 23.4 2.2 2.93 39.3 6.99 24.6
90 23.4 2.1 2.86 38.4 6.98 24.6
95 23.4 2 2.77 37.1 6.98 24.7
100 23.4 1.8 2.71 36.3 6.98 24.7
105 23.4 1.9 2.65 35.5 6.97 24.7
110 23.4 1.8 2.6 34.8 6.97 24.8
115 23.5 1.8 2.54 34.1 6.97 24.8
120 23.5 1.8 2.51 33.6 6.96 24.8
125 22.3 1.8 2.5 33.5 6.97 24.8
130 22.9 1.8 2.51 33.6 6.97 24.7
135 22.5 1.9 2.51 33.5 6.97 24.5
140 22.2 1.9 2.52 33.5 6.97 24.4
145 22.2 1.9 2.52 33.5 6.98 24.4
150 22.3 1.9 2.52 33.5 6.99 24.3
155 22.4 1.9 2.54 33.7 7 24.2
160 22.4 1.9 2.56 34 7 24.2
165 22.5 1.9 2.58 34.3 7.01 24.1
170 22.6 1.9 2.61 34.6 7.01 24.1
175 22.6 1.9 2.64 35.1 7.02 24.1
180 22.7 2 2.67 53.5 7.03 24.1
185 22.8 2 2.7 35.9 7.03 24.2
190 22.9 2 2.75 36.5 7.04 24.2
195 22.9 2 2.78 37 7.04 24.2
200 22.9 2.1 2.82 37.6 7.05 24.2
205 22.9 2.1 2.87 38.1 7.05 24.3
210 23 2.1 2.91 38.8 7.06 24.3
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Table 35  seru m , 150  ml, e x p o se d  to  N itrogen , 2 hours, 1 .5  I/h ou r {uncertainties:±0.5°C , iO .lp p m , i l .5 % ,i0 .0 1  in pH)
Temperature Dissolved Oxygen HANNA
DOB-
215©
Hg© DOB-215
(ppm)
D0400(ppm) D0400 (sat %) PH Temperature©
0 22.2 20 9 7.55 100.5 7.39 20
5 21.6 20.1 8.1 6.81 89.3 7.42 20.2
10 21.1 20.3 7 5.96 77.4 7.42 23.3
15 20.8 20.4 6.1 5.29 68.2 7.46 20.4
20 20.6 20.6 5.3 4.62 59.3 7.47 20.5
25 20.5 20.7 4.5 4.03 51.3 7.5 20.7
30 20.5 20.8 3.9 3.5 44.8 7.5 20.8
35 20.5 21 3.3 3.1 39.5 7.54 20.9
40 20.5 21.1 2.8 2.72 34.7 7.54 21
45 20.6 21.2 2.3 2.39 30.5 7.57 21.2
50 20.7 21.4 1.9 2.11 26.8 7.58 21.3
55 20.7 21.5 1.7 1.91 24.3 7.6 21.4
60 20.7 21.6 1.4 1.71 21.8 7.61 21.5
70 20.8 21.8 1 4.41 18 7.62 21.7
80 20.8 22 0.7 1.23 15.5 7.65 21.9
90 20.9 22 0.5 1.09 13.8 7.66 22
100 21 22.1 0.4 1.05 13.4 7.68 22
110 21.1 22.1 0.3 0.99 12.6 7.69 22.1
120 21.2 22.2 0.2 0.96 12.2 7.73 22.2
125 21.3 22.6 1.6 1.93 25 7.75 22.4
130 21.4 22.8 3 3.07 39.7 7.75 22.7
135 21.5 23 4.2 3.93 50.9 7.77 22.9
140 21.6 23.2 5.1 4.64 60.4 7.78 23.1
145 21.6 23.4 6.3 5.22 67.6 7.79 23.3
150 21.8 23.6 6.5 5.67 73.8 7.8 23.5
155 21.8 23.8 7.1 6.08 79.3 7.81 23.6
160 21.9 23.8 7.5 6.4 83.3 7.81 23.8
165 22 24 7.8 6.64 86.7 7.83 23.9
170 22.1 244.1 8.1 6.83 89.4 7.82 24
175 22.2 24.2 8.3 6.97 91.4 7.84 24.1
180 22.3 24.2 8.4 7.13 93.5 7.84 24.2
190 22.1 24.4 8.7 7.33 96 7.86 24.3
200 22.2 24.4 8.9 7.47 98 7.87 24.3
210 22.4 24.6 8.9 7.45 98.4 7.84 24.5
220 22.5 24.7 9 7.44 98 7.9 24.6
230 22.6 24.8 8.9 7.5 99 7.91 24.7
240 22.7 24.8 8.9 7.5 99 7.91 24.8
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Table 36  seru m , 150  m l, e x p o se d  to  carbon d iox id e , 2 hours, 1 .5  I/hour (uncertain ties:±0.5°C , iO .lp p m , i l .5 % ,i0 .0 1  in pH)
Temperature Dissolved Oxygen HANNA
DOB215© Hg© DOB215(ppm) D0400{ppm) D0400 (sat %) PH Temperature©
0 22.5 20.6 8.6 7.61 100.8 7.42 20.6
5 22 20.8 7.6 6.85 89.6 7.01 20.8
10 21.7 21 6.8 6.12 79.4 6.73 21
15 21.5 21.2 5.9 6.49 70.5 6.54 21.1
20 21.4 21.4 5.1 4.89 63 6.44 21.3
25 21.3 21.5 4.4 4.39 56.3 6.35 21.4
30 21.3 21.6 3.7 3.87 49.6 6.3 21.5
35 21.4 21.7 3.3 3.5 44.9 3.26 21.6
40 21.4 21.8 2.9 3.22 41.4 6.23 21.7
45 22 21.9 2.5 2.97 38.1 6.2 21.8
50 21.5 21.4 2.2 2.73 34.9 6.17 21.9
55 21.5 22 1.9 2.5 32.1 6.156 22
60 21.5 22.1 1.7 2.31 29.7 6.14 22
65 21.5 22.1 1.4 2.18 28 6.12 22.1
70 21.6 22.2 1.3 2.12 27.2 6.12 22.2
75 21.7 22.3 1.1 1.94 25 6.1 22.5
80 21.7 22.3 1 1.83 23.5 6.1 22.3
85 21.8 22.4 0.9 1.74 22.4 6.09 22.4
90 21.9 22.5 0.8 1.68 21.6 6.08 22.4
95 21.9 22.5 0.7 1.61 20.8 6.08 22.5
100 22 22.6 0.6 1.54 19.9 6.07 22.5
105 22.1 22.6 0.5 1.48 19.1 6.08 22.6
110 22.1 22.8 0.5 1.45 18.8 6.07 22.7
115 22.2 22.8 0.4 1.4 18.1 6.06 22.7
120 21.5 22.9 0.4 1.37 17.1 6.06 22.8
125 22.6 23.2 1 1.92 24.8 6.07 22.8
130 22.7 23.4 1.9 2.75 36 6.15 22.3
135 22.8 23.7 2.8 3.53 46.3 6.21 23.6
140 22.9 24 3.6 4.21 55.1 6.26 23.8
145 23 24.1 4.4 4.83 63.6 6.32 24
150 23.1 24.2 5.1 5.31 70 6.37 24.1
155 23.3 24.4 5.5 5.7 75.2 6.42 24.3
160 23.3 24.6 5.8 6.03 79.9 6.47 24.5
165 23.4 24.6 6.2 6.28 83.6 6.52 24.6
170 23.4 24.8 6.4 6.53 56.8 6.56 24.7
175 23.5 24.9 6.7 6.72 89.3 6.61 24.8
180 23.6 25 6.9 6.91 91.8 6.66 24.8
190 23.8 25.1 7.1 1.12 95 6.74 25
200 24 25.2 7.3 7.3 9705 6.82 25.2
210 23.9 25.4 7.4 7.43 99.1 6.89 25.3
220 23.9 25.5 7.4 7.49 100.2 6.96 25.4
230 23.9 25.5 7.5 7.53 100.7 7.01 25.5
240 24 25.5 7.5 7.56 101.2 7.05 25.5
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Table 37  seru m , 150  ml, ex p o se d  to  A naeroG en , 2 hours, 1 .5  I/h ou r (uncertain ties:±0.5°C , iO .lp p m , i l .5 % ,i0 .0 1  In pH)
Temperature Dissolved Oxygen HANNA
Time
(min)
DOB-
215©
Hg© DOB-
215(ppm)
D0400(ppm) D0400 
(Sat %)
PH Temperature©
0 20.5 7.4 8.38 104.3 7.45 19.2
5 23.3 7 8.13 102.3 7.47 20.3
10 25.6 6.4 7.59 97.6 7.47 21.4
15 26.1 6 6.93 90.7 7.43 22.3
20 26.1 5.5 6.47 85.2 7.42 22.8
25 25.8 5.3 5.92 78.3 7.33 23.2
30 25.4 4.8 5.46 72.7 7.35 23.5
35 25 4.4 4.99 66.4 7.31 23.8
40 24.7 4 4.58 61.2 7.29 24
45 24.5 3.6 4.17 55.9 7.26 24.1
50 24.3 3.2 3.84 51.5 7.24 24.2
55 24.2 2.9 3.55 47.3 7.22 24.4
60 24.1 2.6 3.28 44 7.2 24.4
65 24.1 2.3 3.02 40.5 7.16 24.5
70 24.1 2.1 2.78 37.4 7.16 24.6
75 24 1.8 2.55 34.3 7.13 24.6
80 24 1.6 2.38 32 7.13 24.7
85 24 1.4 2.22 23.8 7.1 24.8
90 24 1.3 2.05 27.6 7.1 24.8
95 24 1.1 1.96 26.3 7.07 24.8
100 24 1 1.86 24.9 7.08 24.8
105 24 0.9 1.76 23.6 7.05 24.9
110 24 0.8 1.68 22.6 7.05 24.9
115 24 0.7 1.6 21.6 7.03 25
120 24 0.7 1.56 21 7.03 25
125 23.8 0.9 1.75 23.5 7.03 25
130 23.1 1.5 2.39 32.1 7.05 24.9
135 22.8 2.4 3.08 41.3 7.06 24.7
140 22.7 2.9 3.64 48.7 7.08 24.5
145 22.6 3.5 4.1 55 7.11 24.4
150 22.6 3.9 4.46 59.8 7.12 24.4
155 22.7 4.3 4.83 64.7 7.13 24.3
160 22.8 4.6 5.15 69 7.15 24.3
165 22.8 4.9 5.46 73.1 7.17 24.3
170 22.9 5.2 5.73 76.6 7.18 24.3
175 23 5.4 5.9 79.2 7.19 24.3
180 23 5.6 6.11 81.9 7.21 24.3
185 23 5.8 6.28 84.3 7.23 24.3
190 23.1 6 6.46 86.6 7.24 24.3
195 23.1 6.1 6.54 88 7.26 24.3
200 23.2 6.2 6.66 89.9 7.27 24.3
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205 23.2 6.3 6.77 91.2 7.28 24.4
210 23.2 6.4 6.86 92.2 7.3 24.4
215 23.2 6.4 6.93 93.2 7.31 24.4
220 23.2 6.4 6.98 93.9 7.31 24.4
225 23.2 6.5 7.07 95.1 7.34 24.4
230 23.2 6.6 7.09 95.5 7.34 24.4
235 23.2 6.8 7.14 96.1 7.36 24.4
240 23.2 6.8 7.19 96.9 7.37 24.4
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Measurements of weight, absorbed liquid, hydration level (percentage of liquid 
absorbed), uptake rate and diffusion rate:
Table 38  B iogel A i In b lood
Time (h) Total weight(g) Liquid weight (g) Hydration% Uptake rate(g/h) Diffusion
rate(g/h)
(iO.OOOlg) (iO.OOOlg) (±0 .0 1 %) (±0 .0 0 0 1 g/h) dw/dt
0 1.3163 0 0 0 0.0136
1 1.3961 0.0798 5.71 0.0798 0.0134
4 1.4716 0.0755 10.55 0.0250 0.0123
9 1.5580 0.0864 15.51 0.0170 0 . 0 1 2 0
2 1 1.6754 0.1174 21.43 0 . 0 1 0 0 0.0098
33 1.7570 0.0816 25.08 0.0070 0.0076
52 1.8230 0.0660 27.79 0.0030 0.0042
70 1.8635 0.0400 29.36 0 . 0 0 2 0 0 . 0 0 1 0
97 1.8784 0.0149 29.92 0.0005
Average:0.018
g/h
Table 3 9  B logel Bj In b lood
Time (h) Total weight(g) Liquid weight (g) Hydration% Uptake rate(g/h) Diffusion rate(g/h)
(±0 .0 0 0 1 g) (±0 . 0 0 0  Ig) (±0 .0 1 %) (±0 .0 0 0 1 g/h) dw/dt
0 0.9386 0 0 0 0.0400
1 1.1785 0.2399 20.35 0.2399 0.0396
4 1.3673 0.1888 31.35 0.0629 0.0384
9 1.6141 0.2468 41.84 0.0494 0.0364
2 1 1.9082 0.2941 50.81 0.0245 0.0316
33 2.2914 0,3832 59.04 0.0319 0.0268
52 2.549 002576 63.18 0.0135 0.0192
70 2.7812 0.2322 66.25 0.0129 0 . 0 1 2 0
97 2.9975 0.2161 68.69 0.0080
Average:0.055g/
h
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Table 4 0  B iogel A2  in serum
Time (h) Total weight(g) Liquid weight (g) Hydration% Uptake rate(g/h) Diffusion rate(g/h)
(iO.OOOlg) (iO.OOOlg) (±0.01%) (±0.0001g/h) dw/dt
0 1.336 0 0 0 0.0137
1 1.4211 0.0851 5.99 0.0851 0.0135
4 1.4994 0.0783 10.90 0.0261 0.0131
9 1.5794 0.0800 15.41 0.0160 0.0122
21 1.6964 0.0117 21.24 0.0097 0.0103
33 1.7821 0.0857 25.03 0.0071 0.0084
52 1.8739 0.0918 28.70 0.0048 0.0054
70 1.9283 0.0544 30.72 0.0030 0.0025
97 1.9690 0.0407 32.15 0.0015
Average:0.019g/
h
Table 4 1  B iogel B2  in serum
Time(h) Total weight(g) Liquid weight (g) Hydration% Diffusion rate(g/h)
(±0.0001g) (±0.0001g) (±0.01%) (±0.0001g/h) d*/dt(g/h)
0 0.8953 0 0 0 0.0557
1 1.1134 0.0218 149.59 0.2181 0.0549
4 1.4821 0.3587 39.59 0.1229 0.0525
9 1.8136 0.3315 50.63 0.0663 0.0485
21 2.3826 0.5690 62.42 0.0474 0.0389
33 2.6457 0.2631 66.16 0.0219 0.0293
52 2.8419 0.1962 68.50 0.0103 0.0141
70 2.9057 0.0638 69.19 0.0035 0.0003
97 2.9328 0.0271 69.47 0.0010
Average:0.061g/h
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Published paper:
H. Aldousari , M. Alkhorayef , D. J. Highgate ,A. Kacperek , and N. M. Spyrou. 
Determination of depth of a radionuclide source in a tissue equivalent phantom. J Radioanal 
Nucl Chem, volume 296, issue 2, pp 807-810 .
H. Aldousari, T. Buchacher, and N. M. Spyrou. A Comparison of Experimental Data with 
Monte Carlo Calculations for Optimisation of the Source-to-Detector Distance in 
Determining the Efficiency of a LaBrg: Ce (5%) Detector. Word academy of science, 
engeneering and technology 79 2013, pp. 1860.
Published Abstract:
H Aldousari and NM Spyrou.The 3y/2y positron annihilation and oxygen concentrations in 
different hydrophilic materials.
H Aldousari and NM Spyrou. Optimising the source-to-detector distance to determine 
LaBr3: (Ce) efficiency: a comparison of experimental data with Monte Carlo calculations 
Word academy of science, engeneering and technology 79 2013, pp. 2281.
Poster:
H Aldousari. Study of the linear attenuation coefficient of the hydrophilic materials for 
tissue equivalent phantoms. The poster was presented at the PGR conference in university 
of Surrey, 30 Jan-1 Feb, 2012.
H. Aldousari , M. Alkhorayef , D. J. Highgate ,A. Kacperek , and N. M. Spyrou. 
Determination of depth of a radionuclide source in a tissue equivalent phantom. J Radioanal 
Nucl Chem. The poster was presented at the MARC IX conference that held in Kona, 
Hawaii March 25-30, 2012.
H Aldousari. Characterization of a LaBrg: Ce(5%) detector at varying distances to optimize 
the source-to-detector distance. The poster was presented in the PGR Conference in 
University of Surrey, 30 Jan-1 Feb, 2013.
H. Aldousari, T. Buchacher, and N. M. Spyrou. A comparison of experimental data with 
Monte Carlo calculations for optimisation of the source-to-detector distance in determining 
the efficiency of a LaBr3:Ce(5%) detector. The poster was presented at the International 
Conference in Medical Physics, Radiation Protection and Radiology Conference that 
was held in Zurich, Switzerland July 29-31, 2013.
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H Aldousari and NM Spyrou.The 3y/2y positron annihilation and oxygen concentrations in 
different hydrophilic materials. The poster was presented at the International Conference 
on Medical Physics and Biomedical Engineering (ICMP) in Brighton, UK from 1st - 4th 
September 2013.
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